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Abstract

The presence of scattered gamma photons in SPECT data degrade the quality of reconstructed images. In this
work, a material filter was employed in order to improve cold regions detectability and overall image quality by
pre-filtering of some fraction of scattered gamma photons. Material filter was constructed from a 300x300mm
flat sheet of tin (Sn) 0.25mm thick. It was installed on the outer surface of LEGP collimator of a gamma camera.
Tc-99m spectra were plotted from the count rates recorded without and with material filter by scanning a
cylindrical source tank in contiguous 10 keV energy windows (55-65, 65-75,...... 155-165 keV). SPECT image
data of R. A. Carlson’s phantom with cold regions insert (placed into the cylindrical tank) were gathered without
and with material filter by setting 20% energy window centered at 140 keV. Images were reconstructed by
applying filtered back projection method. Tc-99m spectra show the reduction in count rate with material filter
from the lower part of the photopeak region <132 keV. Significant decrease in %RMS noise, enhancement of
cold regions detectability and significant improvement in contrast of cold regions of diameter 7.3, 9.2 and 11.4
mm at p < 0.05, but, statistically insignificant improvement in contrast of 5.9, 14.3 and 17.9 mm diameter cold
regions was achieved with material filter. Findings show that the material filter removes some fraction of
scattered gamma photons from image data. Thus, improves SPECT image quality. However, further
investigations under clinically realistic conditions require.
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Introduction

In order to diagnose diseases both visual interpretation and semi-quantitative analysis of SPECT images are
performed and the accuracy of clinical investigations is well influenced by the quality of images. In this modality,
gamma emitting radionuclides (typically, Tc-99m with gamma - energy of 140 keV) are used, and the dominant
interaction process within the patient is Compton scattering. It is commonly appreciated that the presence of
Compton scattered gamma photons decrease the image contrast and lead to an overall degradation in the
perceived quality of the reconstructed image [1-10]. Attempts to correct for such effects are an ongoing activity
[11-15] with a view to improve the quantitative accuracy and quality of images. A simple approach, asymmetric
energy window [16] was used to eliminate the scattered gamma photons by raising the low level of pulse height
analyzer. The disadvantage with this method is the reduction of some un-scattered photon counts from the image
data. Hence the decrease in SNR as compared to 20% symmetric energy window [17, 18]. Another method is
based on calculation of scatter fraction and then subtraction of that fraction from the image data [19, 20]. Also,
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other approaches, such as, dual and triple energy window subtraction were developed by [21-25]. In dual energy
window methods, data are collected in scatter and photopeak energy windows. The data collected in the
photopeak energy window are corrected by subtracting scatter energy window data. A channel ratio method [25]
corrects the effects of scatter in SPECT by dividing a photopeak symmetrically into two adjacent energy
windows and the observed change in the ratio of the counts is obtained and used. In addition, a simple way to
reduce the scatter effects from the SPECT images exists, which is the use of an effective attenuation coefficient
(0.12/cm) rather than the actual value i.e., 0.15/cm for Tc-99m in water. However, every method has some
limitations.

Muehllehner and Jaszczak [26] used composite filters (material filters) to reduce the recording of undesirable
(scattered) photons from the photopeak region of Tc-99m spectrum. Pillay and his colleagues [27] applied an
alloy filter consisting of Pb, Zn and Sn in single photon emission (planar) imaging and report the enhancement in
the image contrast of various patient studies suggested the possibility of employing the technique in SPECT.
Another alloy filter consisting of Cd and Cu materials for gamma ray camera was developed by [28]. Pollard [29]
employed lead sheets (1.6mm - 6.4mm) as material filters and attached on the front face of a gamma camera for
scanning therapeutic doses of 1-131. Furthermore, a Monte Carlo study was done by the same group simulating
their experimental setup and found that system resolution is degraded by the Pb sheet. Lead filters were also used
by Spinks and Shah [30] in order to remove the number of Compton scattered events recorded in PET scanning.
Moreover, Shah [31] investigated the effects of Sn material sheet 0.25mm thick on spatial resolution and
uniformity in Tc-99m imaging and reported improvement with the technique.

This study aimed to remove some fraction of scattered gamma photons with a material filter tin (Sn) from
SPECT data in order to enhance the cold regions image quality. Tc-99m spectra without and with material filter
were analyzed in terms of reduction in count rates, particularly, from the lower part of photopeak where majority
of scatter gamma photons is present. Reconstructed images of cold regions were investigated with respect to
regions detectability, %RMS noise and contrast.

Methods and Materials
Construction of Tin (Sn) material filter

In SPECT imaging, Tc-99m is very widely used. Thus, the material filter from a thin flat sheet of tin (Sn) was
constructed only for gamma photon energy of 140 keV as shown in Fig. 1. The tin (Sn) material as a filter was
chosen from copper (Cu), lead (Pb) and tungsten (W) on the basis of calculated results of fractional absorption of
different gamma photon energies, i.e., 50 - 150 keV as shown in (Fig. 2). It shows that both Cu and Sn appear to
be suitable candidates for filter material. However, overall Sn attenuates comparatively more photons than Cu at
low energies ranging from 125 to 135 keV (wider shaded area in Fig. 2). It should be noted that in Tc-99m single
photon emission imaging the width of 20% symmetrical energy window ranges 125 to 154 keV. The decision on
the suitable thickness of the filter for Tc-99m photons was made on the results of theoretical calculations on
percent attenuation of a range of gamma photon energies by different thicknesses.
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Fig. 1 Construction of material filter from a flat sheet of tin (Sn).
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Fig. 2 Show the absorption fraction of different gamma photon energies (50 - 150 keV) by
different materials.

Measurement of energy spectra of Tc-99m in scattering medium without and with material filter

Data for energy spectra of Tc-99m radionuclide were obtained by using a GE400 AC/T scanning unit. Water
filled and uniformly distributed radioactivity in the cylindrical acrylic phantom of inner diameter 20.32 cm and
length 31.00 cm (Carlson phantom with no inserts) without and with a 0.25 mm tin (Sn) material filter was
scanned. Material filter was mounted on the outer surface of low energy general purpose (LEGP) collimator.
Phantom was positioned in the centre of the field of view with its long axis parallel to the surface of the
collimator. The position of the gamma camera and phantom remained unchanged throughout the two sets of
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measurements. Image matrix size was chosen at 64x64x16. Count rates were recorded in contiguous 10 keV
energy windows (two minutes/window) spanning 55 - 165 keV and corrected for decay. The spectra of relative
count rates versus energy window threshold were plotted as shown in Fig. 3.
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Fig. 3 Energy spectra of Tc-99m radionuclide in scattering medium, without and with material
filter.

SPECT data acquisition and image reconstruction without and with material filter

A Tc-99m filled Carlson phantom was used, but, in this case with an acrylic insert to simulate cold regions in
a hot background. The insert consisted of seven acrylic rods with diameters 5.9, 7.3, 9.2, 11.4, 14.3, 17.9 and
22.4mm, schematic cross-sectional view of insert is shown in (Fig. 4). Data were collected without and with
material filter within a 20% symmetric photopeak energy window (126 - 154 keV) centered at 140 keV. Gamma
camera (GE400 AC/T) installed with LEGP collimator was used and 128x128x16 imaging matrix was selected.
Sixty four views (30 sec/view) were taken over 360° and cross-sectional images were produced by filtered
backprojection technique. A 5" order Butterworth filter with 0.30 cycles/cm cut-off frequency was chosen.
Chang’s attenuation correction technique [33] was employed. The actual value of the attenuation coefficient
(0.151/cm) for Tc-99m in water was applied to the data in the case where material filter was mounted and an
effective attenuation coefficient (EAC) value 0.121/cm [24] was chosen where no material filter was employed.
This choice of attenuation coefficients represents a more severe test of the material filter, since it presupposes
that all scattered gamma photons are selectively removed by the material filter.
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Fig. 4 Cross sectional view of cold regions insert of Carlson’s phantom.
Percent root mean square noise (Y%0RMS noise)

Reconstructed images obtained from without and with material filtered data were retrieved/displayed and
analyzed by applying ImageJ software [34] to calculate and compare the noise level in the count density of the
transverse image background. To investigate the effect of material filter on %RMS noise in the transverse image
background an irregular large ROl was drawn and placed carefully avoiding the overlapping of cold regions. This
measurement provides an estimate of the presence of noise component in the image. Eq. 1 is applied to calculate
%RMS noise [35]. Statistical analysis was performed by using one-way ANOVA test to evaluate the difference
between %RMS noise values.

%RMSnoise = Sb (1)

mean

where SD is the standard deviation of the average count density / pixel in ROl and Dyean is the average count
density / pixel in ROI.

Cold region contrast measurement

In order to measure the contrast different regions of interest (ROI) were drawn according to the size of each
cold region and carefully placed within the boundaries of cold region for numerical analysis. These ROIs were
copied (separately) on the computer clip board and pasted on the next image, so that the size of the ROI for each
cold region remained consistent for images obtained without and with the material filter. Background counts
were determined by drawing a larger irregular ROl over the entire image, but, avoiding the known locations of
cold regions. Eq. 2 was applied for the calculation of cold region contrast (Ccr).

C. — Dregion - Dbkg
CR —

Dy )

where Degion IS the count density in the region and Dy is the count density in the background.
Errors, Ecr in contrast values were calculated from the Eq. 3.
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EA? + EB? EB?
ECR=CCR\/ (A_B)z + B2 (3)

Where Ccr represents the measured cold region image contrast, A and B indicate the average count densities in
the area of interest in the cold region and in the background, respectively. EA and EB are the error (standard
deviation) in A and B, respectively.

Statistical analysis was done on the measured contrast values obtained from without and with material filtered
data by applying t test in order to calculate the significant difference between the contrast values of two sets.

Results
Energy spectra of Tc-99m

A marked reduction in the count rate from the scatter part as well as some decrease from photopeak region of
energy spectrum of Tc-99m with material filter was recorded. However, decrease in the count rate from
photopeak region can be considered due to the absorption of some fraction of both scattered and primary gamma
photons by material filter. On average 12.61% decrease in the count rate of gamma photon energies ranging
from 125 — 155 keV of the Tc-99m energy spectrum was measured. In addition, 35% reduction in count rate
(average) of low energy (scattered) gamma photons ranging 60 - 125 keV was observed. For detailed analysis of
photopeak, count rate data were plotted using MS Excel software. Fig. 5, shows a substantial reduction in the
relative count rate of gamma photon energies of 125, 130 and 135 keV which is 19.3%, 14.3% and 10.7%,
respectively.

However, for 140, 145 and 150 keV gamma photon energies, 10.8%, 10.6% and 10% decrease, respectively
in the count rate was recorded with the material filter. In this part of research focus is given to the photopeak
region, because images are produced from the data of this region only.

{ with a m:

Percentage reductio
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Fig. 5 Percentage reduction in count rate with material filter as compared to without material
filter from the region 125 - 150 keV of Tc-99m spectrum (radioactivity in scattering medium)

Percent root square mean noise (%6RMS noise)

SPECT image quality is analyzed by various parameters, e.g., estimation of %RMS noise. One of the sources
of noise in image is the presence of scattered gamma photons in image projection data. Investigations into the
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material filtered data shows significant (p<0.05) decrease in %RMS noise shown in Table 1 (measurements were
repeated three times).

Table 1. Show the %RMS noise values of transverse image without and with material filter

%RMS noise

Without material filter With material filter

41.33 +/- 0.577 29.66 +/- 0.577

Cold regions detectability and contrast

Generally, in diagnostic imaging emphasis is placed on the detection of abnormalities by differentiating lesions
from background. This task is made more difficult when the contrast is lower between the lesion and
background. Furthermore, the accuracy in the diagnosis of disease depends upon image quality. In this paper the
potential advantage of the material filter as compared to without material filter (use of an effective linear
attenuation coefficient value) was assessed in terms of detectability and contrast of cold regions. Images (Fig. 6a
and b) were displayed by selecting similar image display parameters for without and with material filtered images.
Reconstructed transverse image obtained with material filtering showed smaller cold regions clearer relative to
the image produced from the data acquired without material filter (Fig. 6a and b).

‘Without material filter = With material filter
7.3mm

59mm ———»

Fig. 6 Transverse image slices of cold regions insert of Carlson’s phantom (a) without and (b)
with material filter with LEGP collimator.

Contrast values (Fig. 7) measured from images obtained with a material filter were compared with those
images obtained without the use of a material filter by employing a simple scatter correction technique, i. e., use
of an effective attenuation coefficient value 0.121/cm. These contrast values are negative but the sign has been
ignored. Significant improvement in image contrast was achieved by material filter technique for cold regions of
diameter 11.4, 9.2 and 7.3mm. However, results of cold regions contrast having diameters larger than 11.4 mm
were equivocal.
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Fig. 7 Measured contrasts of cold regions without and with material filter with LEGP collimator
(negative sign of the contrast is ignored for the sake simplicity).

Discussion

Single photon emission computed tomography imaging systems use Nal(T1) scintillators for gamma photon
detection and measurement. These scintillators have relatively poor energy resolution [36] compared to solid
state (e.g. Germanium) detectors. In routine a 20% symmetrical energy window over the primary photopeak of
the energy spectrum is adjusted. However, due to poor energy resolution a significant fraction, i.e., 30% to 40%
reported by [37] and 20% to 40% investigated by [38] of photons measured in the standard energy window are
in fact scattered photons. The variation in values of scatter fraction present in 20% symmetric energy window
centered at 140 keV is due to the fact that the measured component of scattered gamma photons is dependent
upon photon energy, source depth and size of the object. It increases as the depth of scattering medium is
increased. The majority of scattered gamma photons lie in the lower part of the primary photopeak energy
window since they are necessarily at lower energy. Kojima et al [39] investigated the distribution of low energy
(scattered) gamma photons in the photopeak region by employing a 20% symmetrical energy window divided
into a number of narrow energy windows and reported that 70-80% of the all scattered photons in the photopeak
energy window (126 - 154 keV) is present in the region 126 - 139 keV.

In Tc-99m clinical imaging, only the data collected within the standard energy window (20%) over the
photopeak is used for image reconstruction. Thus, much emphasis is given on the photopeak region of the Tc-
99m spectra in terms of percentage reduction in relative count rate without and with material filter as compared
to Compton continuum region. This study shows 12.61% decrease in count rate with material filter from
photopeak region. Which is due to the attenuation of gamma photons (scattered and un-scattered), and also, to a
smaller degree from the 1mm thick polythene sheets used to sandwich the Sn layer (for rigidity). In addition to
that, the filter mount has a Pb frame which reduces the field of view and contributes to the reduction in count
rate. It is not, however, unreasonable to suppose that at least some of this reduction results from the
corresponding relative rejection of unwanted (scattered) gamma photons, whose presence would still be detected
due to the poor energy resolution of the system.

Furthermore, analyzing the relative count rate results with the material filter as compared to without material
filter 35% reduction corresponding to 60 — 125 keV gamma photon energies (part of spectrum) was observed.
Nonetheless, in practice scattered gamma photons fall in this range are discriminated by electronic energy
window. But, useful information can be extracted about the decrease of scattered gamma photons by drawing
the line keeping in mind the trend of Compton continuum curve through the photopeak region (Fig. 3). Two
dotted lines (without and with material filter) sketched all the way through the photopeak region (125 — 155
keV) represent the leakage of Compton scattered events. A noticeable reduction in the count rate with the
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material filer has been observed. Moreover, it has been found that, in the region below 140 keV, i.e., 125 — 132
keV there is more reduction in the count rate as compared to the region above 132 keV up to 154 keV and that
count rate can be related to the scattered gamma photon events shown in Fig. 8 (shaded region) that was plotted
from the same data by normalizing the count rate at same peak. In addition, undoubtedly there is a possibility of
a number of combinations of various order scattered events (single, double and triple) explained by [40] in
computer simulated study that imitate the radioactivity concentration close to the clinical situations and as well
as studied by [41] for a gamma camera having 10% energy resolution for 140 keVV gamma photons. In another
study conducted by [1] shows that the multiple-order scattered gamma photons within photopeak energy
window data can be up to 20% of the total scatters. Furthermore, in Tc-99m imaging multiple order scatter into
the photopeak region were investigated by [20, 37]. These types of events may reach at the surface of gamma
camera crystal at a time on the same point and may produce a scintillation whose summed signal may fall within
the standard energy window width, which in turn can be detected and registered in the image data. Such signals
are the result of scattered gamma photon events with false positional information would cause the degradation of
the quality of reconstructed image. Thus, prior to detection a substantial fraction of multiple - order scattered
photons absorption can reasonably be assumed when the material filter is used. Further, results of this research
show that the leakage of scattered photons into the photopeak energy window can be reduced by attaching
material filter on the outer surface of a collimator, even when setting a standard energy window (20% centered
at 140 keV).
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Fig. 8 Show the fractional absorption of various energy gamma photons (50 - 150 keV) by different
materials (count rate normalized to same peak).

The results of the research reflect that material filter preferentially removes some fraction of scattered gamma
photons prior to their detection; therefore, SPECT data are considered as scatter corrected. However, the
material filter also attenuates some un-scattered gamma photons but that fraction could be comparatively smaller
than the scattered gamma photons. As for as concerned the material filter induced scattered gamma photons, the
filter was installed on the outer surface of collimator, thus, most probably some fraction of filter induced
scattered gamma photons be stopped by the collimator before reaching the gamma camera scintillation detector.
Moreover, the research conducted by [26] report that composite filter induced scatter has no degradation effect
on image quality. In addition to that, this approach can be considered as preferred approach because correcting
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the data before reconstruction of the image allows errors in the subsequent image to be reduced. In fact it was
considered that some fraction of scatter component is removed by material filter from the projection data and it
is well established that any little change in the raw data result the significant impact on image quality. Therefore,
in this study image quality enhancement was expected with the use of material filter technique.

Measurement of %RMS noise is one of the indicators to assess the SPECT image quality. Material filter
results show the significant decrease (p<0.05) in the %RMS noise as compared to without material filtered data
image which reflects the removal of a fraction scattered gamma photons. As a matter of fact, presence of
scattered photons in the image is considered as a noise factor [43].

Removal of scatter component using material filters from the ECT image data has been published by [26 — 28,
30, 42 - 43]. It is to be expected, from first principles, that a smaller cold region is more likely to be "filled in" by
gamma photons scattered from the surrounding hotter regions, whereas only the edges of a larger cold region
will be significantly affected. Thus, contrast improvement for smaller cold regions is expected to be better than
for larger cold regions, as the results do, indeed, indicate. This observation is supported by the quantitative data
presented in Fig. 7.

The results show the significant improvement in contrast of cold regions of diameter 7.3, 9.2 and 11.4mm at p
< 0.05, but, statistically insignificant improvement for 5.9, 14.3 and 17.9mm diameter cold regions contrast when
the material filter technique was used. Also enhancement of cold regions detectability and the distribution of
counts in the background of the cold region appeared, on inspection, to be more uniform in the material filtered
image. The expectation that at least image quality indicators, viz., %RMS noise, cold regions detectability and
contrast can be improved has been established by direct measurement.

Conclusion

In conclusion, results of material filter technique show the reduction in scattered gamma photons prior to their
registration in projection data. Thus, may be regarded as an on-line scatter reduction technique. Reduction in
image noise, enhancement of cold regions detectability and contrast results indicate the utility of the material
filter in Tc-99m SPECT. Therefore, for further tests of the technique are suggested on other phantoms which
simulate the near realistic conditions as encountered in clinical studies.
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