
 

      
Abstract-- A prototype for positron emission mammography is 

under development within a collaboration of the Italian 
Universities of Pisa, Ferrara, Bologna and Roma. The device is 
composed of two stationary detection heads, each with an active 
area of 6 cm × 6 cm, made of 30×30 YAP:Ce finger crystals of 2 
mm × 2 mm × 30 mm. The EGSnrc Monte Carlo code has been 
used to perform a complete simulation of this camera. We have 
used a fast three-dimensional iterative algorithm (30 s per 
iteration on a PC-Pentium III 800 MHz processor) for image 
reconstruction. The performed study indicates that tumors of 5 
mm diameter, i.e., 0.065 cm3 volume, with 37 kBq/cm3 (1 µµµµCi/cm3) 
specific activity embedded in a breast active phantom, are 
detectable in 10 minutes for a 10:1 tumor/background ratio with 
an 8.7 Signal-to-Noise Ratio value. Experimental measurements 
with the small animal tomograph YAP-PET have validated the 
Monte Carlo predictions. 

I. INTRODUCTION 

X-ray mammography is a fundamental technique for breast 
cancer screening. However, radiological examinations are not 
always diagnostic, and for these cases a biopsy is usually done. 
Alternatively, a less traumatic and noninvasive PET 
examination could be performed. Whole body PET cameras 
are often used, but dedicated devices with high sensitivity and 
high spatial resolution are needed. In this respect, many groups 
are developing dedicated devices for Positron Emission 
Mammography (PEM) [1]-[8]. 

II. THE YAP-PEM PROTOTYPE 
We are developing a PEM prototype based on Yttrium 

Aluminum Perovskite scintillators doped with Cerium 
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(YAP:Ce) and Position Sensitive Photomultiplier Tubes 
(PSPMT’s). The device should be able to detect breast lesions, 
with dimensions of 5 mm in diameter, and with a specific 
activity ratio of 10:1 between the cancer and breast tissue. The 
implemented detector technology derives from our previous 
experience in small animal imaging scanners [9], [10]. The 
camera consists of two opposite heads, whose dimensions are 
(6 cm × 6 cm) area × 3 cm thickness. Each head is composed 
of 30 × 30 YAP:Ce finger crystals of 2 mm × 2 mm × 30 mm 
(Fig.1). It has been shown that breast compression increases 
the lesion detectability, especially for cancers lying near the 
thorax [11]. Hence, each matrix will be equipped with a 
compressor of 1 cm thick Perspex. A 50 µm tungsten sheet will 
be placed between the crystal matrix and the compressor, so as 
to further shield the background of low energy photons. The 
distance between the two heads determines the Field of View 
(FOV) axial dimension and can range from 5 cm to 10 cm, 
depending on the compression status. 

 

 
Fig. 1. YAP-PEM prototype design: two 6 cm × 6 cm × 3 cm matrices of 

YAP:Ce crystals with PSPMT’s readout (not shown in the figure). 900 finger 
crystals of 2 mm × 2 mm × 30 mm compose each matrix. A breast compressor 
of 1 cm Perspex is mounted in front of each detection head. The distance 
between the two heads ranges between 5 and 10 cm. The lesion/tissue specific 
activity ratio is 10:1 

III. MONTE CARLO SIMULATION 
The Monte Carlo code used is EGSnrc [12]. The simulated 

phantoms are spherical tumors of variable size positioned 
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inside an active region of breast tissue. The latter is simulated 
as a uniform slab, whose chemical and physical characteristics 
are those given by ICRU-44 [13]. Breast compression can be 
moderate, middle and strong, in the simulation for a 
compressor distance of 10, 8, and 5 cm, respectively. 
Scattering from the outside of the FOV is not considered, i.e., 
the thorax is not simulated. A tumor specific activity of 37 
kBq/cm3 (1 µCi/cm3) and a background (active breast tissue) 
specific activity of 3.7 kBq/cm3 (0.1 µCi/cm3) are always 
assumed, thus giving a 10:1 tumor/background (T/B) ratio. 
   The code simulates the positron emission with its continuous 
spectrum, the positron slowing down and annihilation, with 
appropriate non co-linearity sampling, and the interaction of 
the photons in breast tissue, in the Perspex compressor and 
tungsten sheet, and within the YAP scintillator. We transport 
photons and electrons within the phantom with a common low 
energy cut-off of 50 keV. We follow the photon in the YAP 
crystal down to the cut-off energy of 10 keV. We do not 
perform electron transport within the detector. Each energy 
deposition (E) is folded with the appropriate resolution, scaled 

as ( ) 21−E  from the energy resolution of 25% at 511 keV, 
which we have previously measured with the YAP-PET 
tomograph [9]. For multiple energy depositions, the photon 
interaction coordinates are determined by energy weighting. 
No simulation of the PSPMT readout is performed. 
   We studied the detectability of the tumor according to its size 
and position in the FOV, and the effects of breast compression. 
The developed simulation has been validated by comparison 
with experimental results. 

IV. THREE-DIMENSIONAL ITERATIVE RECONSTRUCTION 
Since the stationary acquisition with planar detectors implies 

incomplete angular sampling, backprojection methods 
reconstruct images in the planes parallel to the detector surface 
with heavy blurring, either with or without applying single slice 
rebinning [14]. Therefore, there is the need to use three-
dimensional (3D) iterative techniques to produce a pseudo-
tomographic imaging [14]-[17]. We adapted the EM algorithm 
developed for the YAP-PET tomograph [18], [19] to our PEM 
prototype, so as to use all the possible lines of response 
(LOR’s) in the FOV. The drawback of EM algorithm is the 
long computation time. Various methods have been introduced 
in the literature to reduce the computational time and increase 
the spatial resolution [20]-[27]. We developed a deconvolution 
technique that takes advantage of both sparse properties and 
symmetries of our detector, and considers both the tube-voxel 
intersection and solid angle calculation. By using this approach 
we reduce the storage space of the probability matrix to few 
megabytes. The probability computation requires less than 10 s 
with a PC-800 MHz processor, while a reconstruction time of 
30 s per iteration is obtained. The reconstruction gives 3D 
volume images. For the almost planar nature of the data, final 
image is already reached at the first iteration. This image is 

then smoothed so as to reduce increase of noise at the image 
edges. At this time, attenuation and scattering models are not 
considered in our reconstruction. 

V. RESULTS OF MONTE CARLO SIMULATIONS 
   We measured the Signal to Noise Ratio (SNR) in the 
reconstructed image as a function of the tumor size and its 
position, of the statistics of the data, and of the compression 
status. All performed studies simulate a 10 minutes acquisition 
time. Since 18F-FDG will be used in the clinical applications, 
the source is always the 18F radioisotope, with its continuous 
spectrum. 
   The first study analyzes the detectability as a function of the 
tumor size, by varying the volume of spherical sources from 
1.0 cm3, corresponding to a diameter of 12.4 mm, down to 
0.065 cm3, i.e., a diameter of 5.0 mm. The tumor is embedded 
in active breast tissue at the center of the FOV. We considered 
a distance between the detector heads of 5 cm (strong 
compression). An energy threshold of 50 keV in the detector is 
used. The Signal to Noise Ratio (SNR) is measured on the 
reconstructed images (1 mm slices) by using the definition  

B

BTSNR
σ
−= , 

where T is the average signal inside the area covered by the 
tumor, B is the average background in an equal area of tissue, 
and σB is the standard deviation of B. The obtained SNR values 
are reported in Fig. 2: all values are greater than 5, the 
conventional limit of visibility in analog radiology. 
 

 
Fig. 2. SNR values obtained from reconstructed images of simulated 

tumors, whose sizes vary from a 1.0 cm3 volume down to 0.065 cm3 
(corresponding to 5.0 mm tumor diameter). The SNR equal to 5 line, i.e., the 
conventional limit of visibility in analog radiology, is also reported. 
 

The obtained images of the tumors and their profiles are 
shown in Fig. 3 and Fig. 4, respectively. Lesions are clearly 
visible in all cases. Images are not filtered, and are in 256 gray-
tones, where 0 corresponds to the minimal value in tissue and 
255 to the maximum value for each image. We show the 
central plane 1 mm slice, where the tumor lies. 
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Fig. 3. Reconstructed images of different volume tumors, from a spherical 

source of 1.0 cm3 down to 0.065 cm3. No filtering is applied. Images are in 
256 gray-tone, from the background minimum value to the maximum: each 
image is normalized to its own maximum. The tumor lies at FOV center in 
active breast tissue, with a specific activity ratio 10:1 between cancer (37 
kBq/cm3, i.e., 1.0 µCi/cm3) and tissue (3.7 kBq/cm3, i.e., 0.1 µCi/cm3). The 
detector head distance is 5 cm. We show the central 1 mm slice image, where 
the tumor lies. 

 

 
Fig. 4. Profiles of different tumors, whose volume sizes varies from 0.5 

cm3 down to 0.065 cm3. Profiles are shown for the central slice non-
normalized images. The images have been previously smoothed. 
 

 
Fig. 5. SNR values versus percentage of accepted coincidence for various 

energy windows, for the 5.0 mm diameter tumor, i.e., 0.065 cm3, and strong 
breast compression (5 cm). The same energy window is applied to both 
detectors. The line of the conventional limit of visibility in analog radiology 
(SNR=5) is also shown. 

 

 
Fig. 6. Tumor images for various energy windows, for the 5 mm diameter 

tumor (0.065 cm3), and strong breast compression. Each image is 256 gray-
tone, from the minimum value of background to the maximum value; each 
image is normalized to its own maximum. The central 1 mm slice image is 
shown, where the tumor lies. 
   The SNR values depend on the detection energy window. 
This dependence is shown in Fig. 5, for a tumor of 5 mm 
diameter (0.065 cm3), in strong compression status. We 
consider a lower threshold of 50, 100 and 200, and 400 keV, 

and an upper of 650 keV. The corresponding images are shown 
in Fig. 6. 
   The simulation of the effect of breast compression is made by 
varying the distances between the detectors: 5, 8 and 10 cm for 
strong, middle and moderate compression respectively. We 
consider the breast as an incompressible fluid. Fig. 7 shows the 
results for the 5.0 mm diameter tumor (0.065 cm3). The 
measured SNR values are 8.7±1.0, 3.6±1.4 and 2.2±1.1 with 
detector distance of 5, 8 and 10 cm, respectively, for the 50-
650 keV energy window. 
 

 
Fig. 7. SNR dependence on compression status. Three compressor 

distances of 5, 8 and 10 cm are considered, i.e., strong, middle and moderate 
compression. The tumor has a diameter of 5 mm (0.065 cm3). A 50-650 keV 
energy window has been used. The line of the conventional limit of visibility 
in analog radiology (SNR=5) is also shown. 

 

 
 

 
 

Fig. 8. Tumor detectability as a function of distance from the center of the 
FOV: along the axis parallel to the detector plane (a); along the orthogonal 
axis (b). The tumor has a volume of 0.5 cm3, i.e., a diameter of 9.8 mm. An 
energy window of 50-650 keV is applied, for a strong compression condition. 
 
   The dependence of the tumor detectability on its position 
within the FOV is shown in Fig. 8. The 0.5 cm3 tumor (9.8 mm 
diameter) is positioned at the center of the FOV and then 
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translated by 1 cm steps on the central plane along the axis 
parallel to both detector faces (Fig. 8a) and along the 
orthogonal axis (Fig. 8b). The energy window is 50-650 keV, 
for a strong compression condition. 

VI. EXPERIMENTAL MEASUREMENTS 
   An experiment has been performed with the small animal 
YAP-PET tomograph [9], [10] to image in planar geometry a 
phantom that simulates breast lesions. The experiment was 
performed with only one pair of opposite detectors, 15 cm far 
away. Each head has a size of 4 cm × 4 cm × 3 cm, with 20 × 
20 YAP:Ce finger crystals of 2 mm × 2 mm × 30 mm. The 
simulated breast is a specially designed solid phantom: a 68Ge 
planar source of 925 kBq (25 µCi), which simulates a cylinder 
of 10.8 cm diameter and 6 cm height. Three size tumors are 
simulated by cylinders with diameters of 0.3, 0.5 and 1.0 cm, 
with activities of 370 Bq (10 nCi), 1.6 kBq (44 nCi) and 12.9 
kBq (350 nCi), respectively. Each cylinder height is equal to its 
diameter. Stationary acquisitions are performed for 
combinations of cylinder sources (tumors) with the planar 
source (breast tissue). Specific activity T/B ratio is about 10:1 
for all acquisitions. The reconstructed images are presented in 
Fig. 9 (top row). The 68Ge planar source introduces additional 
structured background due to its granularity (Fig. 9, middle 
row). We subtracted this additional background from the 
reconstructed images of the tumors (Fig. 9, bottom row). The 
halo surrounding the tumors is probably due to high kinetic 
energy 68Ge positrons, which annihilate in the planar source far 
from the cylinders. 
 
 

 
Fig. 9. Reconstructed images of dedicated 68Ge solid breast phantoms, 

acquired with two opposite heads of the YAP-PET tomograph. Tumors (top 
row) are cylindrical sources of 1.0 cm (a), 0.5 cm (b) and 0.3 cm (c) diameter. 
Tumors in breast tissue are simulated by putting the high activity cylinders on 
the planar source (middle row). The bottom row shows the images obtained 
after the subtraction of the structured background due to the granularity of the 
planar source. Images are scaled in 256 gray-tones with respect to their own 
maximum value. No filtering is applied. We show the slice where the tumor 
lies. 

A. Comparison of Experimental Results with Monte Carlo 
Predictions 
The experimental acquisitions have been reproduced via 

Monte Carlo. The only differences are that the simulated 

positron source is 18F with its continuous spectrum (not 68Ge), 
and the simulated tumor is embedded in breast tissue. The 
images of these simulations are shown in Fig. 10. 
   Numerical SNR values for experimental and Monte Carlo 
results are reported in Table I. 
 

 
Fig. 10. Iterative images of Monte Carlo simulations reproducing the 

experimental YAP-PET acquisitions of dedicate breast phantoms, for tumors 
of 1.0 cm (a), 0.5 cm (b) and 0.3 cm (c), embedded in simulated breast 
background of 6 cm. The images are scaled in 256 gray-tone from the medium 
value of background to its own maximum. No filtering is applied. We show 
the 1 mm slice where the tumor lies. 

 
Table I. Comparison between SNR values of a YAP-PET experimental 

acquisitions of dedicated breast phantoms and corresponding Monte Carlo 
predictions. 

 

VII. DISCUSSION AND CONCLUSION 
   The Monte Carlo simulation shows that the proposed PEM 
prototype is able to detect all size tumors down to 0.065 cm3 
(5.0 mm diameter), when positioned at the center of the FOV, 
with a T/B specific activity ratio of 10:1, i.e., Fig. 2, Fig. 3 and 
Fig. 4. The measured SNR values seem to linearly depend on 
tumor volume size (Fig. 2). 
   The SNR values are strongly dependent on the acquired 
statistics. In simulated cases, the reduction of the width of the 
energy window of the detectors also reduces the measured 
SNR (Fig. 5). In our stationary prototype the use of the lowest 
energy threshold enhances the detectability of the tumor. We 
expect that this could change when the scatter from thorax is 
considered. 
   This simulation confirms the important role of breast 
compression (Fig. 7), especially to detect the smallest tumors 
(a volume smaller than 0.1 cm3). A strong compression (i.e., 5 
cm thick breast) allows to see the 0.065 cm3 tumor (5.0 mm 
diameter), with a good SNR value (SNR = 8.7±1.0). 
   The background from breast tissue activity compromises the 
detectability of tumors lying far from the FOV center. A tumor 
of 0.5 cm3 volume (9.8 mm diameter) is always detectable 
within a 1.0 cm distance from the FOV center; but its measured 
SNR decreases under the value of 5 already at a distance of 2 
cm from the center (Fig. 8). This would indicate that with a 
T/B ratio of 10:1 the 6 cm × 6 cm active area assures high 
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detectability in the central 4 cm × 4 cm of the FOV; outside 
this area the tumor detectability has a SNR less than 5. 
   The developed Monte Carlo simulator has been fully 
validated by the comparison with experimental data obtained 
with the YAP-PET tomograph (i.e., see Table I). 
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