Characterization of scatter factors in thyroid studies using a pinhole collimator by
Monte Carlo Simulation.
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Abstract— To study the scatter factors during I-131 thyroid
scintigraphic studies with a pinhole collimator (Smm hole) was
developed a Monte Carlo (MC) simulation using GAMOS
code. First, to check the accuracy of the Monte Carlo model,
simulated and measured data using a thyroid phantom were
compared. The accuracy of the Monte Carlo model was veri-
fied by the good agreement between measured and simulated
energy spectra and the maximum discrepancies of 2% in the
counts/sec/MBq. Next, simulations to investigate scatter were
performed for different tissue thickness between the thyroid
and collimator (5-15mm). The image’s scatter contribution
was significant in the Smm pinhole, being between 27-40%. On
the basis of the separated scatter from direct count included in
window energy spectra, a preliminary evaluation of multiple
window energy correction methods was performed. For the
simulated thyroid geometry with pinhole, the -reduce inferior
double energy window methods (15% on 364keV photopeak
window) provides a reasonable correction for scatter. This
study is the first approach; we recommend including real
thyroid geometry with different thyroid depth-thickness and
mass.

Keywords— Monte Carlo,
hole collimator, scatter.

GAMOS, thyroid studies, pin-

1. INTRODUCTION

Hyperthyroidism is a common disorder, with an estimat-
ed incidence varying from 25 cases per 100 000 persons per
year in areas with high iodine intake to 38.7 per 100 000 in
iodine deficient areas [1]. Radioiodine treatment of hyper-
thyroidism has been used since 1942, but after more than
half a century and the treatment of hundreds of thousands of
patients the question of the “optimal” radioiodine activity to
administer still lacks a definitive answer [2,3,4]. Major
changes in clinical practice should guide us to find and
accurate dosimetry, capable to diminish the risks of adverse
effects and the optimization of the treatment.

Until now, the dose dependent effects have not been ana-
lyzed in detail, in the majority of patient-specific treatment
activity’s calculation is derived from repeated probe meas-
urements after administration of small doses of *'I. While
this procedure provides “accurate” data on uptake and effec-
tive half-life, it does not allow the evaluation of regional
iodine metabolism or distribution. Internal radionuclide
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radiation dosimetry deals with the determination of the
amount of spatial and temporal distribution of radiation
energy deposited in tissue by radionuclides within the body
[5]. It means using nuclear medicine images techniques and
probe measurements for obtain all the information needed to
specific-patient dose/activities estimation, treatment’s plan-
ning and verification [6,7].

The pinhole generates magnified images of small organs
like the thyroid, with high resolution and acceptable sensi-
tivity. In "'I images, quality and quantification accuracy
are degraded by scatter and attenuation, and pinhole colli-
mators are not the exception [8].

Monte Carlo method has the ability to simulate different
independent physical processes. Because of this has been
applied in medical physics to a wide range of problems that
are difficult to study via analytical or experimental ap-
proaches [9,10].

Currently, there is a group of software packages whose
structure has been programmed on the basis of general pur-
pose codes such as MCNP and GEANT4. GATE, Penelope
and GAMOS are known as specific purpose GEANT4
codes and they allow a dynamic and easy implementation of
Gamma Cameras, SPECT and PET systems and their fun-
damental characteristics [11].

Present work was done wusing GAMOS package
(GEANT-4 based Architecture for Medicine-Oriented Sim-
ulations). It facilitates the use of GEANT4 (GEometry ANd
Tracking) by avoiding the need to use C++, providing, in-
stead, a set of user commands. One of the novelties of
GAMOS lies in its big flexibility, which make it appropriate
for the simulation in many physics fields. This flexibility is
supported by wide range of geometries, primary generators
and physics lists as well as by set of tools that help the user
in extracting detailed information through user commands.
Besides, the so call “plug-in” technology contributes to its
flexibility, as it facilitates to include extra functionality not
foreseen by the framework authors [12].

The effects of penetration, object scatter and collimator
scatter in quantitative pinhole studies depend not only on
the energy of the photons emitted by the radionuclide; but
also on the spatial distribution of the radioactive source.
Previous work assessing scatter and penetration in "*'T im-
aging in pinhole collimator is limited to a few studies in
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general dedicated to compensated resolution /scatter with
Point /linear spread function in tumor geometry [13-17].
This research is focused on the improvement and optimiza-
tion of thyroid-specific patient studies. Therefore its main
goal is to demonstrate the feasibility of the use of Monte
Carlo mathematical modeling for evaluation of the required
thyroid studies, such as scatter, using gamma cameras in
genuine medical environments. The characterization of
energy and spatial distributions of scatter performed in this
study by Monte Carlo simulation will be useful for the de-
velopment and evaluation of techniques that compensate for
such events in "*'T imaging.

1. MATERIALS AND METHODS

The system to be model was the Philips Forte Gamma
Camera of the Nuclear Medicine Department, in
“Hermanos Ameijeiras” Hospital, with the pinhole collima-
tor - 5 mm aperture cone for thyroid studies (Figure 1),
which allows static and tomographic images of radiophar-
maceuticals biodistribution.

Fig. 1 Philips Forte Gamma Camera with pinhole collimator, neck- thy-
roid’s phantom used to MC simulation and verification, 'Spine, *Trachea,
Thyroid

The collimator has a chamber covered by a lead shield on
the rear side, which prevents the entry of photons originat-
ing outside the examined object. Detection system compris-
es a gantry with two Nal(Tl) scintillation crystals detectors
mounted on a rotating basis. Each detector has 55 photo-
multiplier tubes, stimulated only if they are related to the
specific radiation impact area on the crystal. Each detector
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has a field of view (FoV) of 38.1 cm x 50.8 cm and a thick-
ness of 9.5 mm.

The image is magnified and inverted respect to the ob-
ject. This configuration, fixed a 60° acceptance angle for the
gamma rays, has a 25.4 mm septal thickness, a 22 cm focus-
detector distance and a (FoV) of 25.4 cm. Estimations were
performed using manufacturer-provided collimator parame-
ters.

A. Model simulated by GAMOS

A geometric model identical to the experimental setup,
phantom and the detection system, was developed using
GAMOS text active commands. The most significant *'T y-
ray emissions are at 364 keV (82%), 637 keV (7.2%), and
723 keV(1.8%), and typically imaging is carried out with a
photopeak window at 364 keV. Input parameters were se-
lected according to those used in the experimental meas-
urements in order to verify its correspondence with the
simulation data. In each thyroid lobe 50uCi activity source
was defined. An isotropic spatial distribution was set for '*'I
isotope source, which emits at 364 keV. Figure 2 shows the
phantom geometry and gamma camera with pinhole colli-
mator simulated by GAMOS and visualized using 3D
“DeepViewer”’software.

Fig. 2 Experimental model simulated by GAMOS.

From the initial file, program input data are defined. The
source or generator can be associated with any type of vol-
ume designed in the geometry file and loaded with the fol-
lowing commands:

/Gamos/generator/addIsotopeSource SOURCE _NAME
ISOTOPE_NAME ACTIVITY

/Gamos/generator/positionDist SOURCE_NAME
GmGener DistPositionInG4Volumes LV._NAME

GAMOS allows to select one predefined sensitive detec-
tors, where the events are stored if they interact within the
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selected matrix and deposit an amount of energy within the
energy window (20%). In this case the event is identified as
a hit and it is reconstructed according to the distance be-
tween the closer interactions. This is possible by assigning
this command to the crystal or pixel detector:

/gamos/assocSD2LogVol SD CLASS SD TYPE
LOGVOL_NAME

In this case, SD CLASS defines sensitive detector type
that is associated to the crystal and SD TYPE allows as-
signing basic detector parameters: dead time, measurement
time and energy resolution. The main command for classi-
fying events detected as SPECT is the following:

/gamos/userActionSPECTEventClassifierUA

This command contains a set of programming lines
where the reconstructed hit is evaluated by the deposited
energy, followed by the track from the source to the detec-
tor and it is classified as SPECT or not SPECT.

For output file visualization, specific software
“PUNTOS_SPECT 2010 Viewer” was used. It was devel-
oped as a result of CEADEN-CIEMAT collaboration
through ITACA project. It allows to obtain the matrix dot
coordinates from the processed data in a text file.

B. Validation of MC simulation

To test the accuracy of the Monte Carlo model, a neck
phantom was prepared with different materials representing
organ structures: neck, thyroid, trachea, and spine (Fig-
ure 1). 100uCi activity of 1311 were injected inside glass
vials used to represent the thyroid lobes. Two studies were
carried out: first one with the phantom filled with air and
the second with the phantom filled with water. Planar acqui-
sition was made using 256*256, 200 000 Counts, window
20% (figure 3a). The images were acquired at a distance
between pinhole and thyroid phantom of 6 cm. Using image
processing software of the camera “JetStream” were drawn
the regions of interest (ROIs) around the phantom image
and the total counts of the region was determined for each
image.

The same phantom was modeled; total counts values
were obtained by simulating a total of 3000 million of
events, which correspond to 27 minutes (1620 sec) real time
for a 100uCi activity source. ROIs were positioned consid-
ering pinhole magnification. To visualized the file generated
by GAMOS was used the Im2pd applications (list-mode-to-
projection-data) capable to generated planar or SPECT
images. The result images were processed using AMIDE
software (Amide's a Medical Imaging Data Examiner) in
order to obtain the total count of ROIs.
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To validate the MC modeling the relationship between
count rates per activity (cps/uCi) simulated and measured
using a thyroid phantom were compared in the two geome-
tries.

C. Evaluation of scatter

Once the validation process was finished, to investigate
scatter, simulations were performed with different tissue
thickness between the thyroid and collimator (5-15mm).
The tissue density used was 0,967 g/cm3 recommended by
ICRU-44. The percent of scatter of total counts in the 20%
window was calculated per image.

D. Evaluation of scatter correction methods

Three of the most commonly used methods for correcting
scatter have been studied through MC simulation. To evalu-
ate their effectiveness in the clinical practice, the fraction of
scattered photons was calculated for each configuration
using main energy windows of 15% and 20%, centered in
the 364keV photopeak. The methods used were the follow-
ing [18, 19].:

- Triple energy window method (TEW) with adjacent
windows of 2.5%;

- Double energy window (DW) using a k=0.5 and the

- Reduced double energy window (RDW) with an adja-

cent window of 2.5%.
The simulation included 4 tissue thickness between the
thyroid and collimator (6, 8, 10 and 12mm). The results
were compared with the scatter fraction given by the simu-
lation, the discrepancies were evaluated and analyzed to
select the best approach for the real clinical condition and
geometry.

111. RESULTS AND DISCUSSIONS

A. Validation of MC simulations with neck thyroid phantom.

Figure 3a shows the images obtained in the air and water
experimental study with JetStream image processing soft-
ware and figure 3b the GAMOS simulations results visual-
ized with AMIDE. The regions of interest were drawn to
calculate the total counts for selected ROI.




184

Al ! o J *
Fig. 3a) Experimental measure results visualization using JetStream.
3b) Simulated visualization results in AMIDE context. Left image obtained
with the phantom full of air and to the right with the phantom full of water.

To validate the MC modeling the relationship between
count rates per activity (cps/uCi) simulated and measured
using a thyroid phantom were compared in the two geome-
tries (table 1). The accuracy of the modeled geometry was
verified by the good agreement between measured and sim-
ulated counts/seg in the energy window and the maximum
discrepancies of 2% in the counts/sec/MBq. Those differ-
ences are not significant (p>95%). This supports the use of
the programmed code for evaluating scatter and penetration
of thyroids studies with pinhole.

Table 1. Experimental and simulated total counts and CPS/ puCi in
air and water

Phatom’s measured results Phantoms modeled values
a) ROIs total counts
Air Water Air Water
70 062 66 526 97583 74 585
Acquisition’s Time (seg)
1143.6 | 1469.4 | 1620* | 1620*
b) Counts per second/ activity (cps/pCi)
246 | 179 | 241 ] 1.82

*estimated by the activity source’s emission.

Others authors sum to the validation process the meas-
urement of energy spectra, but in that case it was not possi-
ble, because the standard clinic software does not allow
saving the energy spectra, or the generation of energy spec-
tra corresponding to specific regions of the image (because
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no energy information is saved with the position infor-
mation for each event) [8, 16, 20]. However, obtained re-
sults clearly show high equivalence and demonstrate
GAMOS viability to reproduce experimental data.

B. Scatter evaluation simulation’s results

Using a simulated window of 20%, the medium attenua-
tion coefficient and the scatter fraction of total counts were
evaluated increasing the tissue thickness between the thy-
roid and collimator from 5-15mm. The scatter contribution
to image was significant in the Smm pinhole, being between
27-40% (Figure 4).
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Fig. 4 Total scatter fraction vs. thickness.

Deloir at al. confirmed that in pinhole collimators the
magnitudes of penetration and collimator scatter depend
strongly on the collimator’s size, and it could be between
40-75% ( in 1, 2, 4, 8mm holes, using uniform cylinder
4,5*%3cm and hotspot phantoms) [8]. The fractional contri-
bution of penetration increases as the pinhole diameter de-
creases, in this case the scatter fraction was lower but sig-
nificant, and the difference could be justify on the spatial
distribution of the radioactive source in thyroid and the
design of this particular device [5,11].

C. Evaluation of Scatter correction methods

The results of the three multi-window energy methods
show significant discrepancies between them (p>95%). The
discrepancies range was 9-86% (Figure 5). The behavior
of the double window methods and the TEW shows signifi-
cant differences, the firsts increase their discrepancies when
the tissue thickness rise, meanwhile TEW decrease the
discrepancies. The same situation could be observed analyz-
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ing the central window size; the TEW shows better result
with 20%, whereas double window methods improve their
results with 15% window central size.
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Fig. 5 % Discrepancies between Scatter Correction Methods and simulated
total scatter vs. tissue’s thickness

In general, TEW method over-estimated the scatter frac-
tion, meanwhile double window methods under-estimated
same phenomenon. However the more accuracy method
was RDW 15%, which shows discrepancies between 9-
16%, much less than TEW.

Many authors agreed TEW is the best method to ~'I im-
age scatter correction, but always using parallel hole colli-
mators. Scatter in "*'T consists of 364keV photons and high-
energy photons (637 and 723 keV) that scatter in the patient
or collimator— detector system and are detected in the
364keV photopeak window [5, 21-22]. The pinhole collima-
tor design changes the distribution of scatter component
which is completing different and especially important due
to the higher probability of collimator scatter and septal
penetration of HEHR or HEGP, and this could be the cause
of the over-estimation.

Further evaluation of the multiple energy windows cor-
rection methods, including effects of window width and
window location, needs to be performed. More work is
needed to check these results, but it is desirable to have
better compensation for this physical effect in clinical rou-
tine applications.
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IV. CONCLUSSIONS

Sensitivity values obtained by GAMOS simulation show
a good enough agreement with the experimental measure-
ments made in Gamma Camera using a thyroid phantom.
Relative deviation for water results was 1.82% and for the
air 1.71%.

Similarities between the achieved results allow validating
GAMOS framework applications in planar image technique
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and demonstrate its possibility to reproduce experimental
data. Therefore the succeeded results of this comparative
study allocate the further use of the GAMOS simulation
platform in the adjustment of different factors that may
degraded the image quantification in Gamma Cameras stud-
ies.

On the basis of the separated scatter from direct count in-
cluded in window energy spectra, a preliminary evaluation
of compensation method was performed. For the simulated
thyroid geometry with pinhole, which is of interest in treat-
ment planning, the RDW with 15% centered in 364keV
photopeak window method provides a reasonable correction
for scatter. However, the similarity between the 364keV
primary and penetration energy spectra makes it difficult to
compensate for these penetration events using techniques
that are based on spectral analysis.
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