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Abstract

Small field of view detectors based on Position Sensitive Photomultiplier Tubes (PSPMTs) have been widely used by

many research groups in small-animal imaging and recently clinically in scintimammography. In most cases the PSPMT

is coupled to pixelized scintillators since it has been shown that their use improves spatial resolution. The use of a single

energy window for each crystal element is the only proposed method for scatter correction in pixelized scintillators. In

this work we have modified the dual energy window subtraction technique in order to be applicable to a pixelized

scintillator detector and we have evaluated its performance with real data. Hot, cold and breast phantoms have been

imaged in planar mode.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The aim of scintigraphic and SPECT imaging is
the quantitative determination of a radionuclide
distribution that is present in the object to be
imaged. Two areas of great research interest are
small-animal imaging and scintimammography.
Small animals are widely used in order to study
radiopharmaceuticals that are under development.
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However, a detector suitable for small-animal
imaging should be characterized by high spatial
resolution and sensitivity [1]. Another application,
where such dedicated imaging systems are required
is the detection of small breast tumors [2].

Small gamma cameras based on Position
Sensitive Photomultiplier Tubes (PSPMTs) [3]
meet the requirements for this dedicated type of
imaging. A number of such detectors with 1–2 mm
spatial resolution in planar and SPECT mode have
been constructed by several research groups [4–9].
A typical PSPMT camera is equipped with an
array of scintillation crystals (NaI(Tl), CsI(Tl),
YAP:Ce, etc.). Scintillator arrays are used for
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photon detection since they produce very focused
light spot depending on pixel size and crystal
thickness thus improving spatial resolution [10].

The pixelization of the scintillator introduces the
need for a more sophisticated signal analysis. A
look up table (LUT) that maps each crystal area is
necessary since the non-uniform response of the
scintillator, the PSPMT and amplification electro-
nics introduce spatial distortions in the calculation
of the position of the center of each incident
photon. Calibration steps and energy corrections
can be performed in a pixel level, since the LUT
allows the construction of an energy spectrum for
each crystal cell [11–13].

Thus an energy window is applied around the
photopeak channel of each crystal in order to
exclude Compton scattered photons, which carry
inaccurate energy and mainly spatial information.
Most groups working with PSPMT detectors use
this method for scatter rejection [14]. However,
this technique cannot exclude scattered photons
with energy that appears to be in the photopeak
window due to the poor energy resolution and
physical parameters [15]. Monte-Carlo simulations
have shown that a significant number of scattered
photons are included in the primary photopeak
window. In addition there is a lower region of the
energy spectrum before the photopeak where most
of the photons are scattered. Although these
photons may have a different scatter cause than
the photopeak scattered photons they can be used
in order to provide an estimation of the scattered
quantity that is included in the primary photopeak
window [16].

Jaszczak et al. proposed a dual energy window
subtraction technique (DEWST) for scatter cor-
rection [17,18]. Data are collected both in the
primary and a lower energy window. Then the
lower energy window data are multiplied with a
weighting factor k and are subtracted from the
photopeak data. If P is the photopeak image and L
the lower energy window image then the corrected
image C can be calculated as C ¼ P � k � L: When
the method is applied to conventional gamma
cameras the two windows for 99mTc are usually
around 127–153 and 92–125 KeV, respectively.
The value of factor k is determined by Monte-
Carlo simulations and approximates 0.5 [19–21].
In this work this technique has been applied by
using the energy spectrum of each crystal element.
Since a Monte-Carlo simulation is under develop-
ment [22] and the energy response of each pixel
varies the lower energy window was determined
experimentally.
2. Methods

2.1. Data acquisition system

The gamma camera consists of a PSPMT
(Hamamatsu R2486) and a pixilated CsI(Tl)
scintillator. The spatial resolution of the system
has been measured and found o2mm in planar
imaging [23]. The crystal is 4.6 cm in diameter,
4 mm thick and cells size is 1.13� 1.13 mm2. The
camera is equipped with a 2.75 cm thick collimator
with parallel hexagonal holes B1.1 mm in dia-
meter, with a 0.25 mm septa. The 16 anode signals
are preamplified and then transferred to a CA-
MAC system. The digital signals are transported
to a G3 Power Mac via a SCSI bus.

Acquisition software is written in Kmax 6.4.5.
(Sparrow Corporation) environment. Data have
been acquired in a 100% energy window and
stored in files event by event. The files have been
post-processed using specific software that allows
image reconstruction in several lower energy
windows and the implementation of the DEWST
for several k values. When the optimum k value
and lower energy windows are determined the
method can be applied in real time.

2.2. Phantom data

In order to simulate a non-scatter geometry a
capillary 1.1 inner diameter filled with a 99mTc
solution has been placed 8 cm from the center of
the detector. The same capillary was placed in the
center of a 16 cm water filled cylindrical pot in
order to estimate the effects of scattering. A hot, a
cold and a breast phantom have been used in order
to evaluate the method in several imaging cases.

The hot phantom consists of three capillaries
7 cm long, with 1.5 mm inner diameter and 1.6 mm
outer diameter, placed in 5 and 6.5 mm distances
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Fig. 1. (I) Two images of a capillary filled with a 99mTc

solution. Left: Image when the capillary is placed in the air in

8 cm distance from the collimator. Right: Image when the

capillary is placed in the center of a cylinder 16 cm in diameter

filled with water in order to study scatter effects. Comparison of

the energy spectrums in typical crystal pixels in regions A, B

and C, marked in (I), when the capillary is (II) in the air, and

(III) when water is present. The regions of the spectrums where

significant changes are observed are shaded.
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from each other and filled with a 99mTc solution
(8 mCi/ml). The phantom was placed in a 10 cm
distance from the collimator and a pot filled with
300 ml of water was placed as described above,
between the phantom and the detector. The
phantom was imaged for 150 s and B301 K counts
were acquired.

The cold phantom was a metallic cylinder 1.5 cm
inner diameter, 0.8 cm outer diameter and 0.7 cm
in height placed in the bottom of a thin plastic pot,
6 cm in diameter and 8 cm high. The pot was filled
with 30 ml of a 99mTc solution 0.14 mCi/ml. The
detector was placed in a 10 cm distance from the
bottom of the pot. The phantom was imaged for
3min and B600,000 counts were acquired.

The breast phantom consists of two hot
quantities of a 99mTc solution, 0.5 ml in volume,
placed under a pot, 10 cm in diameter, containing
a 300 ml 99mTc solution 2 mCi/ml. The activity
ratios of the spot to the background were 5 : 1 and
10 : 1. The detector was placed in a 10 cm distance
from the bottom of the pot. The phantom was
imaged for 16 min and B790,000 counts were
collected.

2.3. Selection of lower energy windows and k factor

The capillary phantom has been imaged both in
the air and in the water as described above and the
two resulting images are shown in the upper part
of Fig. 1. In order to study the effect of the
presence of water that acts as a scattering medium,
three regions have been investigated in order to
observe differences in the spectrum. The first (A)
corresponds to pixels in the capillary region, the
second (B) to pixels in an intermediate region and
the third (C) to pixels in the background region. In
the lower part of Fig. 1 the energy spectrums of
typical pixels in these regions are compared both
in the air and in water. The regions of the
spectrums where significant changes were observed
are shaded.

This change is more noticeable in region B that
lies above the edges of the capillary. In this region
the total number of photons in a lower energy
window is increased and we assume that the main
reason for that is scattering. However, the width of
the energy windows where these differences are
observed vary from pixel to pixel and it also
depends on the position of the pixel with respect to
the object to be imaged. In general, the smallest
width is in case (A) and the largest in case (C).
Since in an experimental situation it is not possible
to know in which region each pixel is located one
optimum window should be determined and
applied to all pixels.

For this reasons we have tested 10 possible
energy windows with different central channels
and widths, which are located before or near the
photopeak channel. In some windows, part of the
photopeak is included as well, in order to
investigate the contribution of Compton scattered
photons that are found in the lower portion of the
photopeak [24]. The center and the width of the
windows are expressed as a percentage of the
photopeak channel.

In order to find the window that contains the
maximum scatter information ten images of the
capillary phantom in water have been constructed
for each of these windows. Line profiles were
drawn in the center of the images, which have
shown that the 6575% window provided the
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lowest source to background ratio and the highest
contrast. In addition the image from photons in
this window looks more blurred compared to the
images in the other lower energy windows, thus it
is selected as the optimal lower energy window.

In order to determine factor k; the 6575%
image was multiplied with several values of k

ranging from 0.40 to 0.65 and then subtracted
from the image in the 20% photopeak window.
The shapes of the profiles at the tails of the
photopeak were compared and the resulting image
that provided the closest results to the air
photopeak image was selected. The difference
between these two images was minimized when
k ¼ 0:5: Higher k values, although they improved
image contrast, overestimated the scatter compo-
nent and introduced negativities in the image with
no physical meaning [25].
3. Results

3.1. Hot phantom

In the case of the hot phantom, the presence of
water increases image background and decreases
resolution. In Figs. 2a and b the image in a 720%
photopeak window and the scatter corrected
image using the DEWST and a (6575)% lower
energy window are shown, respectively. In Fig. 2c
normalized line profiles across the capillaries have
been drawn. The profiles are 41 pixels long and 3
Fig. 2. Images of a hot phantom consisting of 3 capillaries filled

with a 99mTc solution. The phantom is placed under a pot

filled with water. (a) The image in a 720% photopeak window,

(b) the scatter corrected image using the DEWST with a

6575% lower energy window and k ¼ 0:5; and (c) normalized

line profiles. The dashed line corresponds to the photopeak

image and the solid line to the scattered corrected image.
pixels wide in order to have an average of more
crystal cell.

The application of the DEWST results in
improved image contrast, as it can be seen in the
line profiles. In the line profiles of the three
capillaries, the method seems to increase the
spatial resolution of the system.

3.2. Cold phantom

In the case of the cold phantom, where the
effects of scattering are more significant, the
application of the DEWST improves contrast. In
Figs. 3a and b the image in a 720% photopeak
window and the scatter corrected image using the
DEWST and a 6575% lower energy window are
shown, respectively. In Fig. 3c normalized line
profiles across the center of the cylindrical cold
phantom have been drawn.

3.3. Breast phantom

In Fig. 4 the images of a simple breast phantoms
are shown. In Figs. 4a and b the image in a 720%
photopeak window and the scatter corrected
image using the DEWST and a 6575% lower
energy window are shown, respectively. In Fig. 4c
normalized line profiles 41 pixels long and 3 pixels
wide across the centers of the two hot spots have
been drawn.

The scattered corrected images with the pro-
posed method have a lower background and an
improved image contrast. As it can be derived
Fig. 3. Images of a cold phantoms consisting of a metallic

cylinder placed in a pot filled with a 99mTc solution. (a) The

image in a 720% photopeak window, (b) the scatter corrected

image using the DEWST with a 6575% lower energy window

and k ¼ 0:5; and (c) normalized line profiles. The dashed line

corresponds to the photopeak image and the solid line to the

scattered corrected image.
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Fig. 4. Images of a breast phantoms described in 2.2. (a) The

image in a 720% photopeak window, (b) the scatter corrected

image using the DEWST with a 6575% lower energy window

and k ¼ 0:5; and (c) normalized line profiles through the centers

of the spots. The dashed line corresponds to the photopeak

image and the solid line to the scattered corrected image.
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from the line profiles, the hot spot with activity
ratio to the background 5 : 1 can be better
separated when the DEWST is applied. In addi-
tion the edges of the hot spots are sharper in the
case of the scattered corrected images thus their
shape can be better determined.
4. Discussion/conclusion

Scatter correction in pixelized detectors is
mainly performed by applying an energy window
around the photopeak channel of each crystal.
However, this method cannot reject scattered
photons that are included in the primary photo-
peak window. The DEWST has been applied in
conventional SPECT systems by a number of
authors using the energy spectrum of the system
[15–21]. In order to apply the method in a pixilated
crystal we have used the energy spectrum of each
crystal cell. The modified DEWST has been
applied to a number of hot, cold and breast
phantoms providing improved results when com-
pared with the standard use of one photopeak
window.

The energy spectrum of each crystal cell is
affected by the non-uniformities of the system,
thus the center and the width of the optimum
lower energy window are calculated as a percen-
tage of the photopeak channel, which is refreshed
during the calibration procedures. Instead of using
a capillary in the air and in water in order to
provide system line response function in scatter-
free and scatter conditions, respectively, a point
source in the air and water can be used. The
Monte-Carlo simulation of the system [22], will be
used for the exact determination of the optimum
lower energy window and the results will be
compared with those that have been obtained with
the experimental approach.

The suggested values offer best results in the
existing small field of view gamma camera that was
used, in a large number of phantom studies, which
have been performed over a period of more than
one year. These values characterize our system but
in another system the best lower energy window
and k value might differ. Thus a similar procedure
should be followed in order to determine the
optimum parameters for the application of
DEWST. The value of k may also depend on the
source depth inside the absorbing-scattering med-
ium and this has to be investigated as well.

The results from breast phantoms imaging
indicate that this technique could be helpful for
scatter rejection in scintimammography with
dedicated systems based on PSPMTs [26–29].
The presented technique could enhance scinti-
mammography images and allow the exact loca-
lization of small tumors. The evaluation of the
method with data from anthropomorphic phan-
toms and clinical data are necessary in order to
investigate the benefits from this technique.

Other scatter correction techniques that have
been proposed for conventional SPECT systems
can be modified and implemented in the level of a
crystal cell. The multiple energy windowed sub-
traction technique [20,30] and the deconvolution
subtraction technique [31] are now being evaluated
providing very encouraging results that will be
compared with the results from DEWST. In
addition the performance of these techniques will
be explored in SPECT mode as well. Finally
similar modifications of scatter correction methods
could be performed for other pixilated detectors
like semiconductor detectors [32,33].
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