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Abstract: Small animal PET using a dual layer phoswich detector has been developed to obtain high and uniform spatial
resolution. In this study, a simple analytic model to optimize the lengths of a dual layer phoswich detector was derived and
validated by Monte Carlo simulation. For a small animal PET scanner with a 10 cm ring diameter, the optimal length of the
phoswich detector consisting of various crystal materials, such as LSO and LUYAP, were calculated analytically and validated
using GATE. The detector module consisted of 8 x 8 arrays of crystals, with each phoswich detector element having a 2 mm x 2
mm sensitive area. The total crystal length was fixed to 20 mm. The optimal lengths of the phoswich detector layers, as
functions of the crystal materials and order, conveniently derived by the analytic equation, showed good agreement with those
estimated by the time consuming simulation. The simple analytical model can be used for the fast and accurate design of an

optimal phoswich detector for small animal PET to achieve high spatial resolution and uniformity.
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INTRODUCTION

Small animal PET should have high sensitivity,
greater than 2%, and uniform resolution across the
field of view (FOV), in the order of 2 mm, to achieve an
image quality for rodents comparable to that of
humans [1-4]. In order to increase the sensitivity and
resolution and to reduce the number of detector
modules (and hence cost) of small animal PET, a long
narrow crystal pixel array and small ring diameter
were used. However, they lead to spatial resolution
degradation, known as radial elongation or parallax
error. The annihilation events originating off-center of
the FOV might register to an inaccurate line of
response (LOR) and degrade the image resolution, as
most are obliquely incident on the crystal surface,
penetrate into the adjacent several crystal pixels before
interacting, and are presented only by information of
the interacting crystal.
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This spatial resolution degradation increases for
objects placed further away from the center of the FOV,
and can be reduced significantly by determining the
depth of interaction (DOI} in the crystal and by taking
into account the DOI information when sorting
coincident events [5-14].

With such information, the event can be assigned to the
LOR that connects the interaction points rather than the
interacting crystals, and as the LOR will pass through the
source, parallax errors can be corrected.

The development of a detector module capable of
accurately measuring the DOI is an active field of
research, and a number of DOI determination schemes have
been proposed. These include the use of a phoswich
detector consisting of two or more layers of scintillation
crystals that possess different decay times or light yields [11-
13], coupling the photosensitive detectors to opposite ends
of the crystal in order to measure the ratio of the two
detector signals [6, 14], and a multistage rectangular block
of crystals segmented along the depth, which use the
light distribution property of the crystals [10]. Among the
DOI identification schemes, the dual layer phoswich
detector has been widely investigated by many
research groups, and implemented in commercially
available small animal PET [15] and human brain
tomograph [16] due to its practicability and
effectiveness at extracting DOI information. For small
animal PET, the effects of the dual layer phoswich
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detector on correcting parallax error were characterized,
and lengths and order of each layer were optimized
using Monte Carlo simulation [17]. However, in order
to evaluate the radial elongation as functions of the
length and order of the phoswich detector, a time
consuming simulation is required, as the radial
resolution of the simulated images should be measured
for each source location, along with the radial axis,
and for each combination of the phoswich detector
order and lengths.

In this study, a simple analytical form for the
calculation of the optimal lengths of the phoswich
detector was derived. This method can estimate the
effect of the DOI on the broadening of the spatial
resolution for a ring-type PET consisting of dual-layer
phoswich detector arrays. For various combinations
of front and back layer materials of the phoswich
detector, the optimal lengths of the front layer of the
proposed scanners were calculated using the analytical
model derived in this study, and compared to those
estimated by Monte Carlo simulation.

MATERIALS AND METHODS

Analytical Model

Simple models of a small animal PET scanner and
detector module are illustrated in Figure 1. The ring-
type PET scanner, consisting of detector modules with
a radius R, was modeled. Each detector module
consisted of N x N pixels of two-layer scintillation
crystals, each of which had the width [, the front layer
length Iy, the back layer length I, and the total length [.

The angle between a detector surface and an
obliquely incident photon can be expressed by:

sin(@) = % (1)

where P is the distance between the scanner center
and the position of the detected annihilation event and
6 is the entrance angle of gamma rays onto the
detector module.

It was assumed that the crystal in which a
scintillation event occurs can be correctly identified,
thus producing two DOI levels. The event occurring in
the crystal layer can be represented by the number of
penetrated front or back layers.
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where n is the number of penetrated front layers, m
is the number of penetrated back layers and the ceil(x)
function rounds x upwards to the nearest integer.

The LOR for a pair of crystal layers is the line
connecting the midpoints of their front faces. The
tangent distance between the trajectory of the incident
gamma ray (true LOR} and the calculated LOR is given
by:

LORf’nz(n—%)xlpxcose )

LOR,,, = {(’H‘m‘%)”p —I Xtanﬁ}xcosﬁ
(5)

where LORyn is the tangent distance between the
true and the calculated LORs connecting the nm front
layer, and LORymis for the calculated LOR connecting
the mum back layer, as shown in Figure 2.

The probabilities of the photon interaction in the nm
front layer, F» or the msn back layer, Bm are given by:

lp
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where pr and pp are the attenuation coefficients of
the front and back layer crystals, respectively.

F. and Bn can be represented as a function of the
distance between the true and calculated LORs, which
were characterized from two linear lines using multiple
linear regression curve fitting, as shown in Figure 3.
Figure 3 shows the probabilities of photon interaction
for the phoswich detector consisting of LSO and LuYAP,
popular scintillation materials due to their high
densities and light yield with current PET. The x-
coordinate at the point of intersection of two lines was
defined as a reference value, Vi, for the spatial
resolution broadening. It was assumed that the
spatial broadening was mainly affected by events
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having longer LORfnor LORbm than the reference value.
For all values of n and m satisfying LORsn > Vier and
LORy,m > Vrer, the factorporwas defined as follows:

factory, =Y F,+> B, (8)

By minimizing the factorpor, the degradation of the
spatial resolution can be minimized.

For a small animal PET scanner with a 10 cm ring
diameter, the optimal lengths of the phoswich detector
consisting of various crystal materials, such as LSO

and LuYAP, were calculated using this analytical model.

The detector module consisted of 8 x 8 arrays of
crystals, with each phoswich detector element having a
2 mm x 2 mm sensitive area. The total crystal length
was fixed to 20 mm.

Fig. 1. Simple model of a small animal PET scanner (top)
and detector module (bottom).

Fig. 2. The tangent distances (arrows) between the incident
line of the gamma ray (straight line) and calculated LOR
(dashed line) connecting the ny, front layer (left) or the mgy
back layer (right).
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Fig. 3. Probability of gamma ray interaction as a function of
the distance between true and calculated LORs for an LSO-
LuYAP phoswich detector.

Validation of Analytic Model with Monte Carlo Simulation

In order to validate the analytical model, which
estimated the effects of dual layer phoswich detector
on the PET image qualities as functions of the order
and lengths of the crystals, Monte Carlo simulation,
using GATE (GEANT4 Application for Tomographic
Emission), was performed.

GATE is a new Monte Carlo simulation platform
based on the well-proven simulation tool, GEANT4 (18],
which was developed to model various phenomena
encountered in SPECT and PET applications using a
scripting language [19-23]. The complex geometry of
ring-type PET detectors, phantoms, and any number of
radioactive sources with different properties, can be
easily simulated with GATE. Each gamma photon is
tracked until its energy falls below the energy
threshold or it escaped from the system, where the
physical process of the gamma interaction, with the
exception of the light transportation, is modeled. A
detected position, deposited energy and time
information for each single event are stored. The
coincidence event, occurring between only two layers,
are sorted with various time windows, and the spatial
coordinates of the barycenters of coincident layers are
extracted to make a sinogram with the DOI information.
Images are reconstructed using 2D filtered back
projection, with a Ramp filter.

A small animal PET with a 10 cm ring diameter was
designed for simulation. The simulated PET employed
16 dual-layer phoswich detector modules, consisting of
LSO and LuYAP crystals. The detector module
consisted of 8 x 8 arrays of phoswich crystals, with
each phoswich element having a 2 mm x 2 mm
sensitive area and a 2.3 mm pitch. The total
phoswich crystal length was fixed at 20 mm, and the
order and lengths of the front and back crystal layers
altered to examine their effects on the DOI
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measurement. For each front and back Ilayer
combination of the phoswich detector, the radial
resolution of the proposed scanner was estimated. A
0.1 mm diameter Na-22 point source was positioned
40 mm off-center of the scanner FOV along the central
axis in 10 mm steps. After images of the source at
each position had been reconstructed, the FWHMs of
the radial profiles were estimated by Gaussian fitting.

RESULTS

The factorpor of the 10 cm diameter ring scanners,
as a function of the front layer length, were calculated
for various combinations of dual layer phoswich
crystals. Figure 4 shows the factorpor for the LSO-
LuYAP phoswich detector as a function of the front
layer length. When the front layers of the phoswich
detector were 5 mm long for LSO and 6 mm long for
LuYAP, the minimal factorpor was achieved for the
expected uniform radial resolution of the small PET.
Optimal lengths of the front layer for various phoswich
detector configurations are listed in Table 1.

Table 1. Optimal lengths of the front layers, as estimated by
the analytical model and GATE simulation for various dual
layer phoswich detector configurations.

Optimal length of front layer
Front layer Back layer (Analytic Model / GATE)
LSO LUYAP 5mm/5mm
LUYAP ' LSO 6 mm /6 mm
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Fig. 4. factorpo; as a function of the front layer length for an
LSO-LuYAP phoswich detector.
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The simulated radial resolutions for the LSO-LuYAP
phoswich detector as a function of the front layer
length are demonstrated in Figure 5. These figures
demonstrate the improved spatial resolution when the
DOI information was measured using the phoswich
detector. As illustrated in Figures 5, the radial
resolutions at 40 mm off-center were 5.6, 3.4, 4.1 and
7.9 mm with LSO front layer lengths of 2, 5, 10 and 20
mm, respectively. For the LuYAP front layer phoswich
detector, the radial resolutions at 40 mm off-center
were 6.2, 3.7, 4.0, and 8.0 mm with front layer lengths
of 2, 6, 10 and 20 mm, respectively. The best
uniformity in the radial distribution of the spatial
resolution was achieved when the front layer lengths
were 5 mm and 6 mm for LSO and LuYAP front layer
phoswich detectors, respectively.
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Fig. 5. Simulated radial resolution as a function of the front
layer length for a 10 cm diameter scanner with an LSO front
layer phoswich detector (top) and a LuYAP front layer
phoswich detector (bottom).
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DISCUSSION AND CONCLUSION

An analytical model for estimating the optimal
length of each layer of a dual layer phoswich detector,
by calculating the penetration probability of the photon
most obliquely incident on the detector module, was
derived. The effects of the crystal layer order and
lengths of the phoswich detector on the DOI
measurements and image qualities were characterized
and optimized as a function of the front layer length of
the phoswich detector using both the analytical model
and Monte Carlo simulation. The optimal lengths of
the front layer for phoswich detectors consisting of LSO
and LuYAP crystal materials estimated with this model
agreed well with those of the time-consuming GATE
simulation.

The results obtained in this study demonstrate that
the difference in the ratio between the calculated and
true LORs and the radial resolution degradation was
considerably improved by the DOI information. It was
found that the optimal crystal layer lengths of the
phoswich detector are altered by the material type and
layer order, since the photon penetrations of crystals
are dependent on their absorption properties.

The simple analytical model derived in this study
can efficiently estimate the lengths of the phoswich
detector, which minimizes the DOI-induced resolution
degradation, as a function of the crystal material type,
order and total length. If a Monte Carlo simulation is
used to obtain the information, although the spatial
resolution of scanner can be directly estimated,
extensive calculations are required which could take
more than twenty hours. Therefore, this model can be
used for the fast and accurate design of an optimal
phoswich detector for small animal PET for achieving
high and uniform spatial resolution.
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