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Abstract

Gamma cameras based on charge-coupled devices (CCDs) and micro-columnar
Csl scintillators can reach high spatial resolutions. However, the gamma
interaction probability of these scintillators is low (typically <30% at 141 keV)
due to the limited thickness of presently available micro-columnar scintillators.
Continuous scintillators can improve the interaction probability but suffer from
increased light spread compared to columnar scintillators. In addition, for both
types of scintillators, gamma photons incident at an oblique angle reduce the
spatial resolution due to the variable depth of interaction (DOI). To improve
the spatial resolution and spectral characteristics of these detectors, we have
developed a fast analytic scintillation detection algorithm that makes use of
a depth-dependent light spread model and as a result is able to estimate the
DOI in the scintillator. This algorithm, performing multi-scale frame analysis,
was tested for an electron multiplying CCD (EM-CCD) optically coupled
to CsI(T1) scintillators of different thicknesses. For the thickest scintillator
(2.6 mm) a spatial resolution of 148 pm full width half maximum (FWHM)
was obtained with an energy resolution of 46% FWHM for perpendicularly
incident gamma photons (interaction probability 61% at 141 keV). The multi-
scale algorithm improves the spatial resolution up to 11%, the energy resolution
up to 36% and the signal-to-background counts ratio up to 46% compared to
a previously implemented algorithm that did not model the depth-dependent
light spread. In addition, the multi-scale algorithm can accurately estimate
DOIL. As a result, degradation of the spatial resolution due to the variable DOI
for gamma photons incident at a 45° angle was improved from 2.0 - 103 to
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448 um FWHM. We conclude that the multi-scale algorithm significantly
improves CCD-based gamma cameras as can be applied in future SPECT
systems.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Today, small animal single-photon emission tomography (SPECT) pinhole imaging
(Meikle et al 2005, Beekman and van der Have 2007) can yield excellent image resolutions
(Jaszczak et al 1994, Schramm et al 2000, Liu et al 2004) down to the sub-half-mm scale
(Beekman et al 2005, Vastenhouw er al 2007). At present these ultra-high resolutions
are obtained using traditional gamma cameras, by employing the principle of pinhole
magnification. For future improvements of small animal SPECT imaging, gamma cameras
with better spatial resolution and significant energy discrimination are essential (Rogulski
et al 1993, Barber 1999, Beekman & Vastenhouw 2004, Rentmeester et al 2007). Compact,
high-resolution gamma cameras using EM-CCDs in combination with micro-columnar CsI(T1)
scintillators (Nagarkar et al 1998) are being developed by many research groups (de Vree
et al 2005, Nagarkar et al 2006, Meng 2006, Miller et al 2006, Heemskerk et al 2007). In
such CCD-based detectors individual scintillation events can be detected in ‘photon counting’
mode, enabled by read-out at high frame rates. This detection method greatly improves the
spatial resolution compared to integration of the scintillation light signal (Beekman and de
Vree 2005). However, the presently applied micro-columnar scintillators suffer from low
interaction probability for gamma photons (<30% at 141 keV) due to the limited thickness of
commercially available scintillators (typically <1 mm).

A solution to the latter problem is the use of continuous scintillators, which are
available in larger thicknesses and are also more cost effective. Furthermore, continuous
scintillators can be obtained for scintillator materials with higher atomic number Z and density
than CsI(TIl), offering potential for a further improvement in sensitivity. However, these
scintillators have increased scintillation light spread and increased dependence of the light
spread on the depth of interaction (DOI). This severely complicates accurate scintillation
detection.

Gamma cameras equipped with both columnar and continuous scintillators suffer from
degradation of spatial resolution due to the variable DOI for gamma photons incident at an
oblique angle (figure 2(a)). Elsewhere a statistical scintillation detection algorithm, that uses
information of the depth-dependent light spread, is applied to an EM-CCD-based gamma
camera with a micro-columnar scintillator (Miller et al 2006). However, long computation
times of statistical algorithms can be prohibitive in many applications. To overcome this
problem, a fast analytical scintillation detection algorithm, employing an analytical model
for the depth-dependent light spread, is presented and applied to a gamma camera with
continuous scintillators. This analytical multi-scale algorithm (MSA) enables an accurate
estimate of the DOI and is compared with a previously proposed detection algorithm based on
a simple Gaussian filter algorithm (GFA) (de Vree er al 2005). The spatial resolution, energy
resolution and the signal-to-background counts ratio (SBR) are evaluated for both algorithms
using CsI(T1) continuous scintillators of different thicknesses.
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Figure 1. (a) EM-CCD with the fiber-optic window. (b) Schematic of the gamma camera consisting
of a continuous scintillator optically coupled through a fiber-optic window to the EM-CCD, cooled
by a Peltier element.

2. Methods

2.1. EM-CCD, optical coupling and scintillator

An electron multiplying CCD (EM-CCD) is a CCD with an internal gain in the charge domain
(before read-out). Because of the internal gain the relative contribution of the read-out noise
is reduced significantly, even at high frame rates. The internal gain is achieved by electron
multiplication (avalanche multiplication or impact ionization) in the gain register. Details of
the EM-CCD technology can be found in Hynecek (2001), Hynecek and Nishiwaki (2003),
Robbins and Hadwen (2003) and Plakhotnik et al (2006). The EM-CCD used is the back-
illuminated CCD 97 from E2V Technologies (figure 1(a)), with 512 x 512 active pixels, an
active area of 8.192 x 8.192 mm? (16 x 16 um? pixel size) and a quantum efficiency above
90% for light in the range of 500—-650 nm. In order to exchange scintillators easily, the EM-
CCD is equipped with a 3 mm straight fiber-optic window. Shown in figure 1(b) is a schematic
of the gamma camera. To suppress the thermal dark current noise, the EM-CCD is cooled to
—40 °C using a Peltier element. The hot side of the Peltier is cooled using a RS44LT cooler
purchased from FTS Systems. The cold side of the Peltier element is connected to a copper
block, which is in thermal contact with the EM-CCD. For conversion of gamma photons
into visible light, continuous CsI(T1) scintillators from SCIONIX with a Tl concentration of
0.11 & 0.01 mole% are used. The detector face of the scintillators is polished using Buehler
Micropolish II powder of 1 um particle size. The top and sides of the scintillators were not
treated.

The scintillators are optically coupled to the fiber-optic window using Bicron BC-630
silicon optical grease. Due to the critical angle of the fiber-optic window and the scintillator—
window interface, there is a limited acceptance angle for light on the EM-CCD. The CsI(TI)
scintillators tested have approximately the same area as the EM-CCD active area, the 600 um
thick scintillator area is 8.9 x 10 mm? and the 1.3 and 2.6 mm thick scintillator size is 9.2 x
10 mm2. The scintillator thicknesses are 600 pum, 1.3 mm and 2.6 mm, resulting in an
interaction probability for 141 keV gamma photons of 19%, 37% and 61%, respectively.

2.2. Depth of interaction

A lack of knowledge about the depth (z-coordinate) within the scintillator at which a
scintillation event has occurred (depth of interaction or DOI) causes serious degradation
of the detector performance. In pinhole gamma cameras, photons can enter the scintillator
at an oblique angle causing the detected image to be blurred due to the varying DOI in the
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Figure 2. (a) Diagram of a single pinhole gamma camera with point sources P1 and P2. The
gamma photons interact at different depths resulting in a degradation of the spatial resolution
(bottom) for photons incident at an oblique angle (DOI effect). Scintillation photons are incident
on the entire fiber-optic (fo) window; however, the limited acceptance angle reduces the number
of scintillation photons reaching the EM-CCD, resulting in a cone of acceptance. (b) Top: a
scintillator with a scintillation with a large light spread (opoj) (left) and a small opoy (right).
The cones of scintillation light reaching the EM-CCD are shown. Middle: an EM-CCD frame
corresponding to the two scintillations. Bottom: a profile of the frame illustrating that the total
number of photons (the integrated signal of the scintillation) is independent of o poy (or interaction
depth).

scintillator (figure 2(a)). This effect in pinhole gamma cameras is called the ‘DOI effect’
(Hwang et al 2001). This DOI effect will limit the spatial resolution in EM-CCD pinhole
cameras, given the scintillator thicknesses required for sufficient interaction probability and
the currently attained spatial resolutions.

Apart from the degrading effect on the spatial resolution, the varying DOI can also
affect the energy resolution. The scintillation light spread on the EM-CCD depends on the
DOI; events further away from the EM-CCD result in a wider light distribution than events
occurring closer (figure 2(b)). Therefore, the amplitude of the light spot on the EM-CCD does
not provide the full information on the energy of the gamma photon; one must also consider
the depth-dependent width of the light distribution. Disregarding the depth-dependence will
degrade the energy resolution.

A detection algorithm that can detect the DOI and considers the depth-dependent width
can improve the spatial resolution and energy resolution of a gamma camera, and is necessary
for high-resolution gamma cameras with sufficient sensitivity.

2.3. Scintillation detection algorithms

2.3.1. Gaussian filter algorithm. The GFA is a fast scintillation detection algorithm that
can be used for real-time frame analysis (de Vree et al 2005). The CCD frame image Iccp
is corrected for the average dark background by subtracting the average background image A
(additionally a threshold can be applied to Iccp),

Ibg.corr. = Iccp — A. (D
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Figure 3. (a) Four slices of a multi-scale representation of the EM-CCD frame of figure 2(b)
(bottom slice), representing two scintillations at different depths. The slices are calculated by
convolution of the EM-CCD frame with a Gaussian and multiplication by o. (b) Profiles of the
multi-scale representation slices. The global maximum of each scintillation in the multi-scale
representation (bottom slice for right scintillation, top slice for left scintillation) is found for o =
0DOL-

The corrected image (Ipg.corr) is then blurred with a 2D Gaussian kernel (g(x, y, o)) with fixed
width o resulting in a smoothed image:

Lsmoothed = Ibg.corr. * g(x, Y, 0')’ (2)

where x denotes a 2D convolution. To increase speed, this convolution can be implemented as
two orthogonal 1D Gaussian convolutions, mathematically identical to a single 2D convolution
because of the separability of the Gaussian convolution operation. In this filtered image
(Zsmoothed) the scintillations appear as bright regions. Local maxima with amplitudes above a
threshold are attributed to scintillation flashes, and their amplitude and position (x, y) are
recorded. The GFA does not estimate the DOI or z-coordinate of the scintillation and the
spatial profile is not corrected for the DOI effect. It is assumed that the energy is proportional
to the amplitude, ignoring the depth-dependent light spread.

The width o of g(x, y, o) influences the GFA performance (Heemskerk et al 2007). In
this paper, the o of the GFA has been optimized in order to obtain the best possible spatial
resolution for each scintillation crystal.

2.3.2. Multi-scale algorithm. The new scintillation detection algorithm presented in this
paper, the MSA, is partly inspired by work in computer vision (Koenderink 1984, ter Haar
Romeny 1994). The MSA acts as a matched filter that takes the depth-dependent light spread
in the continuous scintillator into account and can therefore accurately estimate the DOL.

A single scintillation event will result in a light distribution I (x, y, o por) on the EM-CCD
with a width ooy that depends on the DOI (figure 2(b)). The essential step in the MSA is
the application of a convolution with a set of Gaussian kernels g(x, y; o) of increasing width
(standard deviation o) and a subsequent multiplication by the respective standard deviation o.
This results in the representation of the EM-CCD frame in multiple slices (see figure 3(a)),
each slice being characterized by o. Scintillation events present in the acquired frame will
have a distribution function P(x, y; o) = I(x, ¥, opop) *g(x, y; 0)-0 after the convolution
step. The global maximum of P(x, y; o) is in the slice where the width of the Gaussian kernel
matches the width of the light distribution on the EM-CCD, i.e. for 0 = opg. Thus opgp
can be estimated by searching each slice for local maxima and selecting the slice with the
global maximum. Once ¢ poj is determined, the energy and z-coordinate of the scintillation
are estimated.
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To relate the energy to o po; we have to assume a specific light distribution function on the
EM-CCD for a single scintillation event. Here it is assumed that all the energy of the gamma
photon is deposited at a single interaction position. This assumption is substantiated by the
high photoelectric absorption in CsI: Tl (at 141 keV this amounts to 87% of all inelastic photon
interactions (Berger et al 1998)) and the short average range and small energy of fluorescent
x-rays (0.1 mm and 35 keV, respectively) (Attix 1986). Assuming an isotropic light spread
and neglecting optical photon interactions in the scintillator, and with the scintillator surface,
the light spread can be approximated by a Gaussian
cE (25

2
e ‘2bor

) 3)

I(x,y,opo1) =
Y, 0Do1 27101%01

where E is the energy of the scintillation, ¢ is an efficiency factor and the interaction position
is at (x, y) = (0, 0). The total number of photons on the CCD is proportional to the energy
and does not depend on the DOI (illustrated in figure 2(b)), in contrast to the width of the
distribution. An explicit evaluation of the convolution results in

P ) eEo exp ( x*+ yz) ) @
X, y;0)= ————=exp| ——F——F—"7"= | .
27 (‘71%01 +‘72) 2(01%01 + 02)

The maximum in the slice characterized by o is given by P (x = 0, y = 0; o) = ¢Eo/
27 (0501 +02) . The global maximum (the largest of these maxima) occurs when the width
of the Gaussian kernel and the light spread function match, i.e. for 0 = opo;. The energy is
related to the maximum of P(x, y; o) by

4
E = ?a max[P (x, y; 0)]. 5)

The z-coordinate of the scintillation can be related to o poy with an analytical light spread model
or by using experimental data. We have chosen to determine the relation between o poy and
Z by using calibration data of gamma photons incident at a known angle onto the scintillator
surface. The calibrated relation between o po; and z is used to determine z from the estimated
opor. During a measurement, the position (x, y, z) and the energy are recorded for every
scintillation flash. The knowledge of the z-coordinate is used to correct the two-dimensional
spatial profile for the DOI effect.

Depending on the desired accuracy and speed, the number of slices can be varied. The
range of o depends on the scintillator thickness and has to be such that scintillations at the
top of the scintillator (having the largest light spread o pop) can also be detected. To increase
speed, the convolutions are implemented as two orthogonal 1D Gaussian convolutions, and
the Gaussian kernels are truncated at 2o°.

2.4. Measurements

As a measure of the performance of the MSA, its spatial resolution, energy resolution and
signal-to-background ratio are compared with the values obtained by the GFA for CsI(TI)
scintillators 0.6, 1.3 and 2.6 mm in thickness. The number of slices used in the MSA to
analyze these measurements is 10. To determine the spatial resolution, a line pattern from
a Tc-99m source (141 keV), projecting through a slit onto the scintillator, is acquired. The
spatial resolution is defined as the full width half maximum (FWHM) of the line spread
function of the radioactive source, corrected for the width of the gamma photon beam. In our
experiments we have investigated both perpendicular incidence (figure 4(a)) and incidence
at an angle of 45° (figure 5). The FWHM energy resolution is obtained by determining the
FWHM of the Tc-99m photopeak.
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Figure 4. (a) Measurement setup for acquiring line pattern images. (b) Image acquired using
the GFA of the line pattern of a radioactive Tc-99m source through a 30 pm slit for the 600 pm
CsI(TI) scintillator.
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Figure 5. Measurement setup with the 45° slit.

The signal-to-background ratio (SBR) is defined as the ratio of the number of net signal
counts in an irradiated area of the EM-CCD to the number of noise-induced background
counts in a non-irradiated area of the same size. The number of net signal counts is obtained
by subtracting the number of background counts from the counts in an irradiated area of the
same size.

Comparison of the spatial resolution and SBR of the two algorithms is always done for
an equal number of net signal counts. This is accomplished by setting an energy window for
the MSA and then tuning the detection threshold for the GFA.

3. Results

3.1. Sigma optimization for GFA

As mentioned in section 2.3.1, the width o of the Gaussian kernel of the GFA is optimized in
order to get the best possible GFA performance. The spatial resolutions for the perpendicularly
incident gamma photons at different widths o are shown in figure 6 for the 2.6 mm thick
scintillator. For the other thicknesses similar results were obtained. The width o yielding
the best spatial resolution is chosen as the optimal o for the comparison with the MSA. This
optimal width o increases with scintillator thickness.

3.2. Spatial resolution

A line pattern image of a Tc-99m source projected perpendicularly through the 30 um slit and
analyzed by the GFA is shown in figure 4(b). For perpendicular incidence, no DOI correction
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Figure 6. GFA FWHM spatial resolution along the x-direction for the 2.6 mm thick CsI(Tl)
scintillator for different widths o of the Gaussian kernel.
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Figure 7. Profiles of the line pattern images for the GFA (dashed line) and MSA (solid line) for a
1.3 mm thick continuous CsI(T1) scintillator.

needs to be applied to the spatial profile. Nevertheless use of the MSA instead of the GFA still
slightly improves the spatial resolution by 11%, 10% and 5% for the scintillator thicknesses
of 0.6 mm, 1.3 mm and 2.6 mm, respectively. We believe that this improvement is due to
the better match between the kernel width o, used to detect the scintillation, and the light
spread opoj, wWhich results in more y photons being detected with a higher accuracy. The
slight improvement in the spatial resolution of the line pattern profile for the 1.3 mm thick
scintillator is shown in figure 7. All results are summarized in table 1. The FWHM spatial
resolution for both algorithms deteriorates with the scintillator thickness.

When the beam is incident at an oblique angle, an estimation of the z-coordinate is
necessary to correct the spatial profile for the resolution degrading DOI effect. Figure 8
illustrates the capability of our algorithm to estimate the z-coordinate of the interaction for the
1.3 mm and 2.6 mm thick scintillators. Density plots are shown in figures 8(a) (1.3 mm) and
(c) (2.6 mm) with the gray scale representing the number of detected scintillation events as a
function of the x- and z-position, when the gamma photons of the Tc-99m source are incident
at an angle of 45°. As expected, the scintillation events are distributed along a line having
a slope of approximately 45° with respect to the scintillator surface plane. Few scintillation
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Figure 8. Density plots of the DOI, z, versus position x detected by the MSA are shown on the
left. Top: 1.3 mm thick scintillator; bottom: 2.6 mm thick scintillator. Image profiles for the GFA
(dashed line, left y-axis) and DOI-corrected MSA (solid line, right y-axis) are shown on the right.

events seem to be present at the top of the scintillator. This small discrepancy is most likely
due to mechanical inaccuracies in the setup. The corresponding profiles obtained by the GFA
and the MSA with DOI correction are shown in figures 8(b) and (d) and the spatial resolution
is listed in table 1. The MSA improves the DOI-degraded spatial resolution by almost a factor
of 5 (from 2.0 mm to 448 um FWHM) for the 2.6 mm thick scintillator and by a factor of 3.3
(from 1.1 mm to 330 um FWHM) for the 1.3 mm thick scintillator.

3.3. Energy resolution and SBR

To investigate the capability of the MSA for improving the energy resolution, we compare
the energy spectra obtained with both algorithms for the scintillator thicknesses of 0.6, 1.3
and 2.6 mm in figure 9. For all scintillator thicknesses, the MSA outperforms the GFA. For
the scintillator of 0.6 mm, the GFA does not even show a photopeak, whereas it is clearly
visible when the MSA is used. For the 1.3 mm and 2.6 mm thick scintillators, the photopeak
acquired by the MSA is more narrow than the photopeak obtained by the GFA; respective
improvements in the FWHM energy resolution of 34% and 36% are obtained. Furthermore,
the MSA compared with the GFA results in an energy spectrum with significantly more counts
present in the photopeak and less outside the photopeak. As already stated, the results for
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Figure 9. Energy spectra of the Tc-99m source for the GFA (dotted line, right axis) and MSA
(solid line, left axis) for the scintillator thicknesses of 2.6 mm (a), 1.3 mm (b) and 600 pm (c).

Table 1. Spatial, energy resolution (FWHM) and SBR for the GFA and MSA.

Thickness (mm)  GFA MSA Improvement
Spatial resolution 0.6 0.45 (mm) 201 (um) 2.2x
(oblique angle) 1.3 1.1 (mm) 330 (um)  3.3x
2.6 2.0 (mm) 448 (um)  4.5x
Energy resolution 0.6 na 52% na
1.3 70% 46% 34%
2.6 75% 48% 36%
SBR 0.6 53 70 32%
1.3 150 220 47%
2.6 195 236 21%
Spatial resolution 0.6 66 (um) 59 (um) 11%
(perpendicular) 1.3 100 (um) 90 (pem) 10%
2.6 156 (um) 148 (um) 5%

the MSA were obtained for ten slices (figure 3(a)). The effect of the number of slices on the
energy resolution in the MSA has also been investigated and was found to be small.

Compared with the GFA, the MSA improves the SBR by 32%, 47% and 21% for the
scintillators of thicknesses 0.6 mm, 1.3 mm and 2.6 mm, respectively.

4. Discussion

In the present work, we have shown that the use of a new analytical scintillation detection
algorithm, the MSA, improves the spatial resolution, the energy spectrum and the SBR
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compared to the optimized GFA proposed in de Vree et al (2005). The fast MSA uses
information contained in the width of the light spread distribution, allowing an accurate
estimation of the energy and a correction to the spatial profile for the DOI effect. The MSA is
expected to be significantly faster than a statistical algorithm as this new algorithm does not
require the calculation of many iterations.

In this work, we have used a relatively simple model for light spread to facilitate fast
blurring operations. More accurate modeling of the light spread function including effects
such as inelastic scatter, fluorescent x-rays and reflections on the top and edges of the scintillator
can further improve algorithm performance, possibly at the expense of computation time.

In this paper, we did not focus on effects close to the edges of the camera. As in almost any
scintillation camera, the spatial resolution is expected to be less good at the edges and could
be improved by more advanced modeling. Alternatively, a relative reduction of the number of
event detections that suffer from edge effects can be achieved by choosing a larger active area
of the gamma camera. A larger active area can be obtained using demagnifying optical tapers
(Beekman and de Vree 2005) and larger CCDs, which are currently under development in our
department.

We have investigated CsI(TIl) scintillators of different thicknesses. For the thickest
scintillator, the improvement in spatial resolution at an oblique angle by the MSA compared
with the GFA is most pronounced; an improvement of almost a factor of 5 is reached.

Using the MSA, our gamma camera reaches a spatial resolution of 148 um FWHM with
an energy resolution of 46% FWHM for the 2.6 mm scintillator (interaction probability 61%
at 141 keV). While the spatial resolution is much better than the spatial resolution of clinical
gamma cameras (typically 3—4 mm), the energy resolution is not yet as good. This is not
so important for animal imaging, as scatter rejection is often not required due to the lower
scatter in animals compared to humans. However, we expect that the use of dense high light
output scintillators that are currently under development in our group can improve the energy
resolution as well as the spatial resolution and interaction probability.

5. Conclusions

In the present work, we have developed a new analytical scintillation detection algorithm, the
multi-scale algorithm, and compared it with the Gaussian filter algorithm (de Vree et al 2005).
The MSA improves the spatial resolution, the energy spectrum and the SBR compared to the
optimized GFA. The MSA can accurately estimate the energy and correct the spatial profile
for the DOI effect, improving the resolution up to almost a factor of 5.

The FWHM spatial resolution (both for gamma photons incident perpendicularly and at
an oblique angle) obtained by both algorithms deteriorates with the scintillator thickness, due
to the increased light spread in thicker scintillators.

Statistical scintillation detection in EM-CCD cameras (Miller ef al 2006) may improve
the detector performance further; however, long computation times compared to analytical
algorithms can be prohibitive in many applications. Besides new scintillators and statistical
algorithms, further improvements in spatial resolution, energy resolution and SBR may be
obtained by the reduction of noise in the EM-CCD and read-out electronics.
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