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A detection system of the conventional PET tomograph is set-up to record data from e+e− annihilation
into two photons, each with energy of 511 keV, and to give information about the spatial density distribution of
a radiopharmaceutical in the patients body. Dedicated positron emission mammography (PEM) systems provide
a potentially high sensitivity, high-resolution, low attenuation, and lower cost alternative to whole body PET.
We have designed, built, and performed initial evaluation of a large field-of-view Jagiellonian Positron Emission
Mammography (J-PEM) system. This 3D system is based on novel idea of applying plastic scintillators to detect
annihilation photons and improving spatial resolution by utilization of wavelength shifters (WLS). In addition,
this device is being developed in view of classification of malignancy based on the possibility of positronium mean
lifetime imaging. Here we present the first results from the simulations as motivation for our investigation.
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1. Introduction

Dedicated detectors for imaging positron-emitting
tracers in the breast have several benefits compared to
whole-body tomographs, including high sensitivity for
the emitted radiation, much lower attenuation, and po-
tentially much lower cost [1]. One approach to positron
emission mammography (PEM) is to use two planar
detectors, above and below a compressed breast [2].
As with whole-body systems, several factors affect de-
sign of PEM systems, including the desire for a large
enough field of view to image most breast sizes, high
spatial resolution, high coincidence detection efficiency,
good energy resolution (for scatter rejection), high count-
rate capability, and good timing (for random event re-
jection). Our aim is to improve sensitivity and spatial
resolution by means of new techniques utilizing plastic
scintillators [3, 4] and wavelength shifters [5]. Addition-
ally this device will be developed in view of classification
of malignancy based on the possibility of positronium
mean lifetime imaging [6, 7].

The aim of this article is to present the characteris-
tics response of the J-PEM scanner based on simula-
tions and estimating the point spread function (PSF)
and sensitivity of the detector. The above characteris-
tics may be used as a figure of merit in the geometry
optimization of the prototype device. Because of the fact
that the J-PEM scanner is meant to be used in med-
ical diagnostics, the target performance should be at
least comparable to the performance of currently avail-
able commercial PEM devices. The concept of J-PEM
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scanner is discussed in Sect. 2. Section 3 is dedicated to
Monte Carlo simulations with the uses of which an an-
nihilation point is determined. Conclusions are given
in Sect. 4.

2. Concept of J-PEM

Positron Emission Mammography(PEM) is one of
the most widespread modalities currently available for
diagnosing breast cancers [2]. The main benefits of
PEM include higher spatial resolution, improved sensi-
tivity with reduced attenuation, shorter imaging time,
and the possibility of reducing the radiopharmaceutical
dose compared to whole-body PET. However, the precise
measurement of photon energies requires applications of
high resolution semiconductor detectors [8]. We propose
to build a PEM with new techniques based on the con-
cept of using plastic scintillator strips and Wavelength
shifters [9], called J-PEM. The J-PEM is a prototype,
which intended to evaluate PET technology in the diag-
nosis of malign neoplasm in the breast and of ganglion
loco-regional invasion [10]. It is based on plastic scin-
tillators and utilizes the same technology as the Jagiel-
lonian Positron Emmision Tomograph, J-PET [11]. It is
optimized for the detection of photons from electron-
positron annihilation [3, 4]. Such photons, having an en-
ergy of 511 keV, interact with electrons in plastic scintilla-
tors predominantly via the Compton effect. J-PEM uses
a dedicated instrument for breast cancer detection that is
equipped with two parallel photon detectors in a configu-
ration similar to mammography compressors. The detec-
tor system consists of two modules of plastic scintillators,
with each module built from two layers of plastic scintilla-
tor and the wavelength shifters [5, 9] placed orthogonally
between them, as shown in Fig. 1. Each scintillator bar is
attached at both ends with Silicon Photomultipliers for
the signal readout [3].
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Fig. 1. Left: Geometry scheme of J-PEM used in GATE simulation. Blue color represents plastic scintillators and
green color represents wavelength shifters. Dimension of plastic scintillators and WLS used are equal to 6×24×500 mm3

and 3 × 10 × 167 mm3, respectively. Space between the modules amounts to 8 cm. The Y-Z (middle) and the X-Y
(right) plane projection of the given geometry.

Fig. 2. (a) The emission and absorption spectra for exemplary plastic scintillator and WLS. (b) The propagation
of the scintillation photons in the strip. The trajectories of photons emitted from the interaction point placed in
the geometrical center are indicated by thick black lines [13]. (c) The illustrate re-emission of photons inside the WLS
propagating towards the SiPM. White dots are the representation of number of absorbed scintillation photons inside
WLS strip.

In the J-PET, the position of the interaction point
of gamma quanta in plastic scintillators are calculated
based on the measurement of the time difference of
the signal arrivals to the ends of strips [3, 12]. Plas-
tic scintillators provide time resolutions which results
in accuracy of determination of annihilation point of
around 10 mm [3]. That resolution can be improved
by registering scintillation light escaping the scintilla-
tor bar through a side wall using a set of parallel
wavelength-shifting (WLS) strips.

Some photons in the scintillator strip can be emitted
at the angle lower than the critical angle, which makes
them escape the scintillator bar instead of undergoing
total internal reflection [5]. If the emission spectrum
of scintillator is overlapping with the absorption spec-
trum of the WLS then those photons can be absorbed in

WLS strips. Next WLS is re-emitting isotropically pho-
tons with the wavelength shifted towards larger values.
These photons can be registered by SiPM at the end of
the WLS, as shown in Fig.2.

The coordinate of the interaction point along the scin-
tillator strip (Z-axis) is determined as a weighted aver-
age of Z-coordinates of WLS strips, with weights equal
to the amplitudes of signals registered in the WLS strips
being proportional to the number of absorbed scintilla-
tion photons [9]. It has been already proven that one can
achieve the position resolution of 5 mm (σ) for the coor-
dinate along the scintillator bar by using WLS strips [9].
Here we discuss the design of J-PEM which consist of
24 plastic scintillator and 49 WLS in one module, with
dimensions 6 × 24 × 500 mm3 and 3 × 10 × 167 mm3,
respectively.
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3. Monte Carlo Simulation

In order to quantify the J-PEM geometry we have per-
formed Monte-Carlo simulations using the GATE pack-
age, a platform developed by the Open-GATE collabo-
ration [14] based on Geant4 software. It is dedicated
to numerical simulations in medical imaging and ra-
diotherapy. In the simulations the full geometry of
the J-PEM detector and the composition of the detec-
tor material were taken into account. The interactions
of photons in the scintillators were simulated by GATE.
In the simulations we assumed that annihilation source
is placed in the center of the detector and that the back-
to-back photons (each with an energy of 511 keV) from
the e+e− → 2γ annihilation are isotropically emitted.
For analysis we are only accepting events with exactly
two interactions and select events for which energy loss
is larger than a given threshold value. Here we study
two threshold values of 100 keV and 200 keV. The latter
value is anticipated for the reduction of the scatter frac-
tion in the total-body PET case [12]. In case of J-PEM,
however, we have anticipated that the expected scatter
fraction will be smaller, and therefor a study also with
the threshold of 100 keV is performed.

3.1. Determination of annihilation point

The aim of J-PEM is to reconstruct the point of anni-
hilation along the line of response (LOR) by calculating
the time difference between two interactions.

If the two annihilation photons pass through the body
without any scattering and can be detected in coin-
cidence, a true LOR can be formed which includes
the point of annihilation. Annihilation point of inter-
action denoted as Xa =(Xa, Ya, Za) is calculated as:

Xa = X0 +
1

2
c∆t · v̂ (1)

where X0 = (X0, Y0, Z0) is vector pointing towards
the middle of LOR, v̂ is a unit vector along LOR, ∆t is
the time of flight and c is the speed of light. X0 can be
calculated as:

X0 =
X1 + X2

2
(2)

where X1 and X2 are the position vector of two hits.
The actual position of annihilation spot along LOR can
be inferred using

∆t = (t2 − t1), (3)
where t2 and t1 are the hit time of the interactions.
The hit position and time (Xi, Yi, Zi, ti) is pictorially
shown in Fig. 3.

The simulations were performed for isotropic emission
of back to back gamma from point like source placed
in the centre of the detector. From the preliminary
measurement of the scintillating module mentioned in
the article, we were able to obtain the resolution of time
and position along the Z axis. Since we are not able
to determine the X and Y position of interaction, we
are assuming that it occurred in the center of the scin-
tillator. Preliminary resolution was σt = 60 ns and

Fig. 3. Illustration of the formation of a LOR. Left:
The pictorial representation of estimation of annihila-
tion point, where X0 is the vector representing the mid-
dle of LOR, Xa is the annihilation point vector calcu-
lated using (1). The (Xi, Yi, Zi, ti) is the hit position
and time of interaction of back to back gamma. Right:
TheXs denotes interaction points after applying smear-
ing simulating experimental resolution.

σZ = 1.28 mm, which this is the standard deviation of
the Gaussian distribution. It can be related to FWHM
of that Gaussian by the FWHM ≈ 2.355σ. In order to
take into account the experimental spatial and time res-
olution, we smear the values of t and X using Gaussian
distribution with σt = 60 ps and σZ = 1.28 mm, re-
spectively. We assume that coincidence resolving time
(CRT) is equal to 200 ps (σt = 60 ps) and for Z direc-
tion FWHM is equal to 3 mm (σZ = 1.28 mm). To ex-
tract true coincidences from the set of all coincidences
only events with exactly two interactions, registered
with an energy loss larger than 200 keV, are consid-
ered. Such threshold suppresses scattering in the body
to the level of about 35% [15], and reduces to a negli-
gible level that coincidences inside the detector. This
is because the 511 keV gamma quanta cannot deposit
more than 184 keV in more than one scattering [15].
As J-PEM is dedicated for breast imaging, we expect
lower scatter fraction than the standard PET scanner.
For this reason we have studied also a case with energy
loss threshold of 100 keV.

In this article, we focus on estimation of the spatial res-
olution, and sensitivity as a main characteristics of detec-
tor performance. Point spread function (PSF) is a mea-
sure of spatial resolution of the scanner. It is obtained
by applying the reconstruction procedure to the point
like source [16]. This parameter is important for de-
termining the suitability of an imaging system and for
the possible restoration of fine details in images. PSF is
calculated as the width at half of maximum, of a recon-
structed point distribution, along each axis. For the cal-
culations we are taking a slice of the reconstructed X,Y,
and Z distribution of the annihilation point in the range
of (−0.5 : 0.5) mm around the position of the source. The
X and Y positions of the interaction points are assumed
to be in the center of the scintillators, so the distribution
of LORs is discrete in X and Y dimension of the recon-
structed image, as shown in Fig. 4. We have simulated
107 events in total. The results for the distribution of an-
nihilation point and their projections are shown in Fig. 4.
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Fig. 4. Top plots show the distribution of annihilation point in the XY and the ZY plane. Bottom plots indicate
the projection of X, Y, and Z, performed for the cross section including the highest counting bin.

Fig. 5. The distribution of annihilation point in the XY and the ZY plane (top) and the projection of X, Y, and Z,
performed for the cross section including the highest counting bin without WLS strips (bottom).

Based on the projection we have calculated that the val-
ues of PSF for X, Y, and Z are 0.2 mm, 1.2 mm, and
4.7 mm, respectively. Note that these values are different
which might be due to asymmetry of the detector geom-
etry, as previously mentioned. To make a comparison we
have done the simulations without the WLS strips with
σZ = 10 mm, and σt = 0 ns with the energy loss thresh-
old of 200 keV without WLS strips. The values of PSF

for X, Y, and Z are 0.1 mm, 1.2 mm and 10.9 mm, re-
spectively, as shown in Fig. 5. This study demonstrates
that the value of the PSF for the Z axis obtained with
the WLS is equal to 4.7 mm, whereas without the WLS
the PSF value equals 10.9 mm. It is clear now that
the use of the WLS strips reduces the value of PSF along
Z-direction to the half. This also means that the resolu-
tion becomes twice as good.



144 Shivani, E. Łuczyńska, S. Heinze, P. Moskal

TABLE I

Sensitivity of different PET scanners [17, 18] along with
the J-PEM estimated in this article for two different en-
ergy loss thresholds.

Scanners Sensitivity
Detector ring
diameter [cm]

Crystal
size [mm3]

D-IQ-5 22.8 74 6.3× 6.3× 30

D-600 9.4 80.1 4.7× 6.3× 30

D-STE 8.8 88.6 4.7× 6.3× 30

D-ST 8.7 88.6 6.3× 6.3× 30

J-PET 14.9 85 7× 500× 19

J-PEM (200 keV) 20.0 8 6× 500× 24

J-PEM (100 keV) 31.4 8 6× 500× 24

The sensitivity of a positron emission tomograph is ex-
pressed as the true coincidence events rate T , normalized
to the total activity A of the source. As per definition,
we have calculated the sensitivity for J-PEM scanner,
which occurs to be equal 20.0 cps/kBq and 31.4 cps/kBq
for 200 keV and 100 keV energy threshold, respectively.
Typically the distance between the detectors can range
from 5 to 10 cm, depending on the breast compression
used [19]. Here we use the distance of 8 cm which is close
to average used. In Table I the J-PEM sensitivity is com-
pared to sensitivities of the standard PET scanners.

4. Conclusion

In this paper we have investigated the design
and establishment of the characteristic performance
of the Jagiellonian Positron Emission Mammography
(J-PEM) for the detection and diagnosis of breast cancer.
This construction is based on a novel idea of PET based
on plastic scintillators and wavelength shifter (WLS) and
a new concept of positronium imaging. We have prepared
a simulation program based on Monte Carlo method
using GATE toolkit, for optimizing the geometry and
material for the J-PEM prototype. We have also pre-
sented the first results from the simulations. Results from
the simulations are showing that the estimated sensitiv-
ity of J-PEM is higher than the other existing scanners,
as shown in Table I. Simulations have been performed
for two cases: (i) with WLS strips (σZ = 1.28 mm)
and (ii) without WLS strips (σZ = 10 mm), to compre-
hend the difference. One can clearly estimate that using
WLS strips reduced the value of PSF along Z-direction to
the almost half (4.7 mm). This means that the resolution
improves twice.
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