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Investigation of Collimator Influential
Parameter on SPECT Image Quality: a
Monte Carlo Study

Banari Bahnamiri Sh.™

ABSTRACT

Background: Obtaining high quality images in Single Photon Emission Tomog-
raphy (SPECT) device is the most important goal in nuclear medicine. Because if
image quality is low, the possibility of making a mistake in diagnosing and treating the
patient will rise. Studying effective factors in spatial resolution of imaging systems is
thus deemed to be vital. One of the most important factors in SPECT imaging in nu-
clear medicine is the use of an appropriate collimator for a certain radiopharmaceutical
feature in order to create the best image as it can be effective in the quantity of Full
Width at Half Maximum (FWHM) which is the main parameter in spatial resolution.

Method: In this research, the simulation of the detector and collimator of SPECT
imaging device, Model HD3 made by Philips Co. and the investigation of important
factors on the collimator were carried out using MCNP-4c code.

Results: The results of the experimental measurments and simulation calculations
revealed a relative difference of less than 5% leading to the confirmation of the accu-
racy of conducted simulation MCNP code calculation.

Conclusion: This is the first essential step in the design and modelling of new col-
limators used for creating high quality images in nuclear medicine.
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Introduction

he study of the inside of the body to diagnose a disease with-

out surgical methods is done through imaging in nuclear

medicine. Single-Photon Emission Computed Tomography
(SPECT), a type in which gamma photon—emitting radionuclides are
administered and then detected by one or more gamma cameras ro-
tated around the patient, using series of two-dimensional images to
recreate a three-dimensional view. A lot of studies are focused on
obtaining high-resolution images [1-8]. Also, Several studies on the
spatial resolution of SPECT have shown that resolution varies with
source—detector distance and the collimator [13-22] because a correct
diagnosis using a high quality image can help physicians to provide
effective treatment. Hence, it is necessary to examine factors affect-
ing the quality of the images created by imaging devices. One of the
most important factors in imaging in nuclear medicine is the use of
an appropriate collimator for a certain radiopharmaceutical in order
to create the best image because it can be effective on the quantity
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of Full Width at Half Maximum (FWHM)
which is the main parameter in measuring
image clarity [9]. Indeed, Spatial resolu-
tion quantifies the size of the smallest object
that can be resolved reliably, and is often
expressed as the FWHM of a point spread
function. For projection data acquired with
an gamma camera, the total resolution de-
pends on the intrinsic resolution and the col-
limator resolution [10] as in figure 1.

SPECT image reconstruction requires that
the incident direction of each acquired count
be known. An external collimator is used to
do so. Therefore, the design of collimators
for creating the image of each radionuclide,
especially for new radionuclide such as syn-
thetic radiopharmaceutical, is very impor-
tant. In this research, this was in an effort
to obtain a reasonable method for designing
parallel collimator. So, we simulated Hex-
agona collimator and detector of the SPECT
system and investigated the most important
parameters affecting FWHM.

Material And Methods
The majority of SPECT systems are based

on gamma camera technology where one or
more cameras rotate about the body of the
patient. A gamma camera consists of a sin-
gle crystal Nal (T1), which absorbs incident
gamma photons and scintillates or emits
light in response, in back of which there are
banks of photomultiplier tubes (PMTs) and
electronics to compute gamma ray energy
and the location of scintillation within crys-
tal. The structure of a parallel-hole collima-
tor [11] is similar to that of a honeycomb
consisting of a large number of hexagonal
narrow channels separated by thin septa
whose length, diameter, wall thickness and
forming material can play an important role
in the clarity of images because the beams
which directly reach the hole from the organ
are only allowed to pass by the collimator,
and other beams emitted from any other side
are eliminated. However, there are virtually
some problems leading to a lower image
quality. The first problem is that the sensitiv-
ity of the device decreases by the collima-
tor 1.e. fewer photons reach Nal (Tl) crys-
tal and produce light. The second problem
is that there may still be other beams which
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Figure 1: Cross-Sectional View of a SPECT System
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directly enter collimator’s holes due to dis-
persal from other areas of the body, except
the one under the hole, and produce light in
Nal (Tl) crystal causing a reduction in im-
age quality. The third potential problem con-
cerns the fact that some photons may not be
prevented in collimator wall and may pass
it in some cases. The role of these beams in
image quality is known as “wall effect”. For
instance, this effect for a point source causes
a considerable count of gamma in its first six
neighboring holes as well as multiplier tube
just under the hole above the source; conse-
quently, seven bright star-shaped points will
be observed instead of a single one.

Simulation of SPECT Detector
Section

The simulated detection of SPECT system
consists of a hexagonal collimator, Nal (T1)
crystal and PMTs. The dimensions of dif-
ferent parts of SPECT system (HD31, Phil-
ips Manufacturer) in this work are as fol-
lows: Nal (T1) crystal (0.95cm x 59.1cm X
44.5cm) and under crystal/PMT array, a hex-
agonal collimator (59.1cm % 44.5cm X 5.08
cm) on which there are about 8000 holes
(Diameter = 3.4mm, height = 5.08cm and
thickness is 2mm). There are 65 PMT tubes
in contact with the crystal in an hexagonal
arrangement. Both collimator and crystal are
surrounded by a shield made of lead. The di-
mensions of the front and back shields are
(1.27cm x 6.98cm X% 59.1cm), those of the
left and right ones are (44.5cm x 6.98cm x
59.1cm) and that of the top one is 44.5cm
% 59.1cm % 0.95cm. The cards used in this
simulation were LAT, U, FILL, TRCL, MN,
F8 and DBCN card [12].

Examination of detector response function
based on Gaussian distribution was neces-
sary in this simulation. Knowing detector
response function in involved energies was
required to consider the energy window for

the elimination of the dispersed beams. De-
pending on its forming materials and com-
position as well as its physical and geomet-
ric characteristics in different energies, each
detector has different separation efficiency
and response functions. The data related to
the detector’s separation ability is not in-
cluded in MCNP code, and the characteris-
tics of the experimental spectrum should be
defined for the code whenever detector’s ex-
perimental spectrum is important in calcula-
tions. The detector’s experimental spectrum
Nal (TI) was measured for energies 140KeV
and 511keV, and the response function ap-
plied in the simulation was obtained using
experimental spectrum.

An Examination of Experimental
and Simulation Results for Code
Assessment

After simulating different parts of SPECT’s
detection device, a point source was defined
in the code in front of the hexagonal collima-
tor and 10cm apart, and the value of FWHM
in the energy 140keV (TC-99m) was cal-
culated. The result was compared to the
characteristics of the device announced by
producer factory. Then, the value of FWHM
was measured for TC-99m source with en-
ergy of 140keV experimentally. TC-99m
was placed in a cylindrical container with a
length of S5cm and a diameter of 1.66cm.

Continuing code assessment with experi-
mental results, different values of FWHM
for different distances from the source (140
keV) to the collimator were examined. Both
linear and point sources in computational
method, and the linear source in experi-
mental one were placed at distances of 100
mm, 120 mm, 140 mm, 160 mm, 180 mm
and 200 mm. Results are shown in figure 2.
Moreover, the values of FWHM for differ-
ent distances from the source 511 keV to the
collimator were examined by the code. In
computational method, both linear and point
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sources were placed at distances of 100 mm,
120 mm, 140 mm, 160 mm, 180 mm and
200 mm. The results are indicated in figure
3 along with identical values for the source
140 ke V.

Experimental and Computational
Measurement of FWHM from
Dispersing Environment

In order to study the effect of dispersing
environment on FWHM value, the distance

between the source and the collimator was
30

considered to be 20 cm, and different thick-
nesses of polyethylene (dispersing environ-
ment) were placed between the collimator
and the source. Results of calculating and
measuring value of FWHM for linear and
point sources in each thickness are illustrat-
ed in figure 4.

Examination of Penetration Effect
through Wall (Wall Effect) for
Sources 140 keV and 511 keV

The linear source 140 keV was placed 1
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Figure 2: Different Values of FWHM based on Distance from the Source 140 keV to Collimato
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Figure 4: Different Values of FWHM according to Polyethylene Thickness when the Source 140

keV is Located 20 cm apart from Collimator

mm away from collimator in order to mea-
sure this effect experimentally. Then, gamma
count was registered in multiplier tubes of
the central ax and the first and second neigh-
bors. Central ax is actually a row of collima-
tor holes and multiplier tubes placed right
above the linear source; the first and second
neighbors include the first and second rows
on the right and left of the central ax. This
process was carried out for five rows located
vertically next to the central ax. The first row
is just next to the middle point of the source
(middle row) and the next four rows are the
first to the fourth neighbors of the middle
row. Same procedure was also followed to
examine the source 511 keV; however, an
appropriate linear source was not available.
Therefore, the resulted count was produced
by simulation.

Results and Discussion

Studying experimental and simulation re-
sults for code assessment is illustrated in
table 1. As it can be seen in the table, val-
ues of FWHM in the simulation and the re-

port of the Philips Company are 8.8 mm and
8.8+0.8 mm, respectively revealing appro-
priate agreement. However, final experimen-
tal value of FWHM is 10.8 mm. The main
difference which was noticed arises from the
fact that the system was not in its ideal con-
ditions including such problems as the ex-
isting non-point source and a device which
was not calibrated. The value of FWHM for
a calibrated SPECT system was found to
be 10.21 mm. Its difference with the value
of 8.8 mm concerns non-point source. To
make sure of this issue, the linear Tc-99m
source was simulated instead of the point
source and the result of the new calculation
of FWHM was 10.17 mm having a relative
difference of 4% with experimental value of
(=10.21 mm) and thus being acceptable. All
succeeding measurements were taken after
calibrating the device. Moreover, it can be
seen in figures 5 and 6 that the part related
to the peak of simulated response function
shows Gaussian fit on experimental spec-
trum; this agreement is obvious in the curve.
The measurement and calculation of the val-

J Biomed Phys Eng 2015; 5(1)



Banari Bahnamiri Sh. www,jbpe.org

Table 1: Results of Experiment and Simulat

Conditions of the Source and the Revealer FWHM (mm)
Features reported by the manufacturer 8.8+0.8
Calculation with the point source 8.8
Measurement without calibration (the linear source) 8.10
Measurement after calibration (the linear source) 21.10
Calculation with the linear source 17.10
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Figure 5: Experimental Detector Spectrum Nal (Tl) and its Simulated Response Function for the
Energy 140 KeV
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Figure 6: Experimental Revealer Spectrum Nal (Tl) and its Simulated Response Function for the
Energy 511 KeV
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ues of FWHM for the source 140 keV are
illustrated in figure 2. The results of the sim-
ulation of the point source contain a statisti-
cal error of about 2.15%. Concerning linear
source, the agreement between experimental
and simulation results is clear and statistical
errors of simulation and experimental results
are 2% and 3%, respectively. In spite of the
difference in the values resulted from linear
and point sources, the curves indicate almost
similar slopes. The slopes of the fitted line on
computational point, linear sources and ex-
perimental linear source were 0.058, 0.065
and 0.066, respectively. On the average, the
growth of FWHM in relation to distance
from the source to the collimator is 10.9%,
10.8% and 10.7% for the point source, the
linear source of the computational method
and the experimental source, respectively.
Results of simulation calculations for both
sources are shown in figure 3. It can be found
from the curve that the value of FWHM in-
creases with the rise in energy as well as the
conversion of the point source into the linear
one. Experimental and computational mea-

surement of FWHM resulting from dispers-
ing environment can be seen in figure 4. As
one can see, values of FWHM have surged
in this figure.

The results of examining penetration effect
through the wall for the sources of 140 keV
and 511 keV are displayed in figures 7 and
8. If penetration from the wall had not taken
place, the counted number for all multiplier
tubes would have been zero except for the
central ax. However, as it can be noticed in
figure 8, the count of photomultiplier tubes
of the first neighbor is considerable. The
lower the role of the penetration of the col-
limator wall, the more appropriate the im-
age quality will be. It can be viewed in fig-
ure 8 that the count in photomultiplier tubes
of the central ax has fallen in comparison to
the source 140 keV while the count of the
photomultiplier tubes of the first neighbor in
some rows has increased up to about 45% of
the count of the central ax. Also, the count
of the photomultiplier tubes of the second
neighbor is significant.

As it is shown in figure 2, the value of
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Figure 7: Counts of Photomultiplier Lamps of Central Ax and the First and Second Neighbors.
Five Graphs are Drawn for Five Different Rows. Energy of the Source is 140 keV.
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Figure 8: Counts of Photomultiplier Lamps of Central Ax and the First and Second Neighbors.
Five Graphs are Drawn for Five Different Rows. Energy of the Source is 511 keV.

FWHM goes up by the conversion of the
point source into the linear one. The main
cause of this increase is the distribution of
the source in thickness with a diameter of
1.66 mm in Tc-99m cylinder. The value of
FWHM also rises in figure 3 with the in-
crease in energy that is principally due to
gamma penetrating the wall. In figure 4,
the width of FWHM surges with the rise in
polyethylene thickness as the dispersing en-
vironment. This width increase occurs firstly
due to the presence of dispersing environ-
ment which causes photons to disperse all
over the collimator surface, and secondly
because it is highly probable for the energy
of this gamma to disperse in polyethylene
environment and then reach collimator, and
the energy of this gamma may also lie in the
energy window range. So, there is also gam-
ma count in the photomultiplier tubes which
are not related to the collimators above the
source. The width of FWHM thus rises.
Simulated collimator is applied to take
photos of cardiovascular organs of the body

using involved radiopharmaceutical (Tc-
99m). Calculations and experiments in fig-
ure 2 have shown that the growth rates of
FWHM per distance are about 10.7% and
10.9% for this source. Therefore, a distance
of 10 cm is normally chosen for imaging.
Adding dispersing environment between
the source and the collimator approximately
increases FWHM for 10% while this effect
can be removed to a great extent by narrow-
ing the energy window. As it can be seen in
figure 7, the wall effect is ignorable except
in the first neighbor. A fraction of penetrated
photons have the energy out of the energy
window and will be omitted. However, the
photon which goes through the wall whose
energy lies in the energy window span will
be counted. In order to remove this effect,
the number of photons penetrating into the
wall should be calculated for each set of
conditions and then subtracted from the
photomultiplier tubes count. Regarding this
description, this collimator almost meets
the conditions required for receiving an ap-
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propriate image from the photon source 140
keV.

In addition, in order to test the effect of this
collimator in imaging from gamma sources
resulting from paired destruction (511 keV),
one can see that the value of FWHM e(figure
3) as well as the penetration into the wall
(figure 8) have increased with the increase
in the energy from 140 keV to 511 keV. The
possibility of Compton dispersal in interac-
tion with environment rises with increased
photon energy. If the photon emitted from
the source 511 keV reaches detector after dis-
persal, it may be regarded in the photoelec-
tric peak count and thus leads to defects in
image. The energy window should be made
smaller to omit such beams leading to low-
er efficiency. If emitted photon reaches the
detector after two or three dispersals and if
its energy does not lie in the energy window
range, it will be omitted. Dispersal increase,
however, brings about lower efficiency. On
the other hand, the increase in photon energy
makes trapping in walls difficult. Either the
thickness of the walls has definitely got to
be raised or the material of the collimator
should change in a way to minimize pene-
tration into the wall in order to have a good
image from the source 511 keV. Having ap-
plied the energy window, calculated values
of FWHM for the energy 511 keV was aver-
agely 24% higher than identical values in the
energy 140 keV that will definitely not lead
to good results. For these reasons, using hex-
agonal collimators for the energy 140 keV in
providing images from 511 keV sources is
not recommended.

Conclusion

The main purpose of this study was to de-
vise a suitable method for designing new
collimators. In this research, we simulated
an hexagonal collimator and the detector
of SPECT device. Results of the study re-

veal that there is good agreement between
simulation calculations and experimental
measurements with a difference of less than
5% which even gets more acceptable after
calibrating the system and using a linear
source. Indeed, the agreement between sim-
ulation and experimental measurements and
the investigations of effective parameters
of the collimator is the first essential step in
achieving this goal. So, one can model a new
collimator for new/compound radiopharma-
ceutical that may be made in the future by
changing the parameters in the simulation
process.
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