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 Abstract – Recent studies have concluded that the 
effectiveness of mammography is substantially degraded in 
patients with dense breast tissue calling for non-density 
responsive imaging methods. In order to bring lower cost 
and more effective PET technology to this area we propose 
an innovative design for a dedicated Positron Emission 
Mammography (PEM) camera utilizing long, linear, lead-
walled straw (LWS) detectors. This system can provide 
excellent resolution and precisely accurate depth of 
interaction determination. Comprehensive evaluations of 
two substantial sub-modules of a proposed full scale 
camera have been performed. Sensitivity was measured 
with a 22Na line source. Spatial resolution was measured 
with a concentrated 62Cu point source in the center field of 
view (CFOV). Randoms fraction (RF) was measured using 
a specially designed breast phantom to simulate normal 
breast uptake, as well as a NEMA torso phantom with a 
sphere insert to simulate the effects of concentrated heart 
uptake and uniform torso uptake (0.14 µCi/cc). The 
activity concentrations in heart, torso and breast were in 
the ratio of 9:2:1. Scatter fraction (SF) was measured 
using a 0.23 cc sphere filled with 64Cu and placed inside 
the breast phantom with and without scattering medium. 
The image quality was assessed by placing two hot spheres 
(2.6 cc and 0.5 cc) filled with 64Cu to simulate “lesions” in 
the breast phantom, and the ratios of activity 
concentrations in hot spheres to background were 15:1, 6:1 
and 3:1. The spatial resolution was less than 3.0 mm 
FWHM at very high singles rate. The center field 
sensitivity extrapolated to the full scale camera was 0.63%. 
The RF was 20% and the SF was 33%. Both hot spheres in 
the breast phantom were well resolved in the 
reconstructed images. Based on these results the projected 
performance of the full scale device consisting of two 9 
module panels promises a very effective dedicated PEM 
system with very advantages cost and field of view 
characteristics. 

 

I. INTRODUCTION 

NE in eight women will be diagnosed with breast cancer 
in her lifetime. However, if detected and treated early, 

more than 95% of breast cancer patients survive. Current 
screening methods for breast cancer rely heavily on X-ray 
mammography, which while effective and relatively low cost, 
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produces many false positives. Positron Emission 
Tomography (PET) has great potential as a complement to X-
ray mammography. It has been shown to be a very effective 
imaging tool for the detection and characterization of tumors 
of various cancers. A number of dedicated Positron Emission 
Mammography (PEM) cameras have been proposed or 
constructed by several groups. The cameras all utilize crystal 
based radiation detectors and thus suffer from the depth of 
interaction (DOI) problem. Other drawbacks include limited 
access to regions close to the chest wall and the small Field of 
View (FOV) of the developed PEM systems.  
 

We have developed a novel new approach to Positron 
Emission Mammography (PEM) design based on a lead 
walled straw (LWS) detector. The straws are 50 cm long, 4 
mm in diameter, and incorporate lead inside their wall. 
Photons converted in Pb generate energetic electrons that 
subsequently ionize the gas contained within each straw. Each 
straw is operated as a proportional detector, with a resistive 
wire tensioned through its center, serving as the anode 
electrode. The full size camera will be composed of two 
closely spaced detector module arrays, each 50 cm in length, 
and each array will be composed of 9 smaller modules of 50 
straws each (9+9 modules, Fig. 1). In the Phase I of the 
project, a prototype PEM camera has been developed and 
tested. Two detector module arrays, each composed of 3 50-
straw detectors (3+3 modules) were fabricated and configured 
as a coincidence imaging pair. Comprehensive performance 
tests were done and the results are presented in this paper. 
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Figure 1.  Proposed detector system composed of two arrays of lead 
walled straw detectors. Side view of camera shows detectors, track and 
rotating gantry.  



 

II. METHODS 
Electronics 
 

Fig. 2 illustrates the electronics connected to each end of 
each of the 6 detector modules. The pre-amplifier utilized a 
non-inverting op-amp with delay-line termination on true 
ground to minimize the signal reflections caused by poor 
termination. The pre-amplifier PCB is very compact (38 mm × 
36 mm), which will aid greatly in close packaging of the 18 
modules composing the full PEM system.  
 
 
 
 
 
 
 
 
 

The signal conditioning electronics following the pre-
amplifier were packed into a standard CAMAC module. A 
customized Gaussian shaping amplifier was designed by 
Cremat Inc. (Watertown, MA) per our specification (shaping 
time = 40 ns, gain = 0.5), consisting of two Sallen and Key 
filters providing 4 poles of integration. The purpose of this 
new shaper is to filter much of the noise from the signal of 
interest. A new PCB fitting into the CAMAC module was 
designed which includes shaper electronics, delay-line 
clipping to provide a quickly restored baseline to allow high 
counting rates, as well as isolation transformers providing 
rigorous isolation of signal grounds coming from the detector 
from the CAMAC ground system.  The later isolation has 
proven to be extremely beneficial in reducing ground loop 
noise effects. 
 

In each detector module, fifty (50) straws consisting of 5 
rows and 10 columns are connected together through resistors 
along rows on one end and along columns on the other end 
(see Fig. 3). Each row is connected to the every other tap in a 
10-tap delay line, and each column is connected to every tap 
in another 10-tap delay line. Since each tap delays the signal 
by a fixed amount of time, the difference in time of arrival at 
each end of the delay line indicates which row or column 
contains the firing straw[1]. Longitudinal position is 
determined using a charge (current) division method[2]. When 
a photon is detected in the straw, the current splits in inverse 
proportion to the distance from the end of the straw, producing 
a signal from each of the straw (A & B), summed together 
from the outputs from both ends of the delay line. The 
longitudinal coordinate is obtained by taking the ratio of 
A/(A+B).  
 

The digitization system is comprised of a trigger unit, two 
LVDS-output charge-to-digital (Q/D) and time-to-digital 
(T/D) data converters, an angle encoder, a gigabit data 
interface, and a CAMAC crate. Each Q/D and T/D unit is 
capable of reading out 3 detector modules within one housing 
(i.e., “detector half”). A coincidence matrix was configured 
for correlating any inputs from detector half  (consisting of 

detectors #1, #2 and #3) with those from second detector half  
(consisting of detectors #4, #5 and #6). Charge and time 
digitization are triggered provided both inputs are within a 
coincidence window (width can be set at 10, 20, 30 or 40 
nsec).   
 

When three detector modules were placed together into the 
housing to form a “detector half”, serious crosstalk between 
cathode signals from adjacent detectors was observed. To 
solve the crosstalk problem, a shielding panel made of multi-
layer G10/FR4 fiberglass (0.035” thickness) having a copper 
mid-layer (0.0035” thickness) was inserted between detector 
modules and grounded at each detector end.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Test Methodology 
 
Sensitivity 
 

A 41 µCi (1.52 MBq) 22Na point source (90% positron 
abundant) was placed exactly in the center of the field of view 
(CFOV) (Fig. 4), and the coincidence count rate was recorded 
from (3+3 modules). Camera sensitivity was calculated as the 
ratio of the coincidence rate over the source positron emission 
rate. For the full scale camera (9+9 modules), the sensitivity 
was predicted by Monte-Carlo simulations.  
 
Image Resolution 
 

A 41 µCi 22Na point source was placed on the rotating 
turntable, which simulated rotation of the detector around the 
source, allowing the collection of full 360o data. The X and Y 
coordinates (Fig. 4) of each line of response (LOR) were the 
coordinates of the anode wire of the particular straw in which 
the event occurred (identified by the straw decoding method), 
and the Z coordinate of each LOR was determined by charge 
division along with calibration information for each detector 
module. Images were reconstructed using a fast accurate 
iterative reconstruction method[3], which was based on the 
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Figure 2. Block diagram of the electronics for breast PET imaging. 

Figure 3. Readout schematics for timing and charge signals for straw 
decoding. 



 

expectation maximization-maximum likelihood (EM-ML) 
technique, from three-dimensional LOR data set.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The possible degradation of image resolution at very high 
singles rates on individual 50-straw detectors was investigated 
by placing a concentrated 62Cu point source in the center field 
of view (i.e., center of turn-table). Only two inner 50-straw 
modules closest to the turn-table were operated to form a 
coincidence pair in this particular test, with highest singles 
rate in each module. The initial activity of 62Cu was 2.5 mCi 
(corresponding to 660,000 cps singles rate) and decayed as the 
raw data were acquired. Point source images were then 
reconstructed from the list-mode LORs obtained at various 
source activity levels corresponding to various singles rates 
seen in each module. The same reconstruction algorithm as 
discussed above was utilized.  
 
Image Quality 
 

The purpose of these measurements was to produce images 
simulating those obtained in a PEM study with lesions. The 
breast phantom consisted of two “lesion” spheres with inner 
diameters of 9.7 mm and 17 mm (Fig. 5). Taken into account 
the factor of the measured prototype camera sensitivity and the 
predicted sensitivity of the full scale camera, the background 
was filled with 64Cu at 7× higher activity concentration that 
provided same coincidence count rates as will be seen in the 
full scale camera with typical 18F-FDG dose injection (0.07 
µCi/cc) in patient studies. Recently Beaulieu et al.[4] studied 20 
patients, and the standard uptake value (SUV) for the tumors 
ranged from 2 to 12. Considering the averaged SUV for 
normal breast was 0.49 (Zasadnv et al.[5], data from 28 
patients), clinical studies suggested the uptake ratio of breast 
lesion to normal breast tissue ranges from 4:1 to 24:1. We 
adopted 15:1, 6:1, and 3:1 lesion-to-background ratios to 

cover the full range seen in typical patients. The spheres were 
sequentially filled with activity concentrations of 15, 6 and 3 
times that of the normal breast tissue background. In order to 
include effects of torso activity on image quality in separate 
acquisitions the torso and heart phantoms were filled with 
normal 18F-FDG concentration typical of what is seen in 
patient FDG studies[6] (0.14 µCi/cc in torso and 0.63 µCi/cc in 
heart respectively), and placed on top of detector modules 
(Fig. 6) with 0.95 cm thick lead (equivalent to 0.65 cm thick 
tungsten) shielding. Coincidence data was acquired with the 
torso and lead shield rotating.  No breast phantom was 
included. The coincidence data from this collection were then 
mixed together with data from separate breast phantom/lesion 
collections in order to include the effects of torso activity on 
image quality. The mixed list-mode data were reconstructed 
using a fast iterative method based on EM-ML technique, with 
resolution modeling[7].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Configuration of the prototype PEM camera, consisted of 
two detectors composed of 3 modules each positioned on either side of 
an encoded turn-table. 
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Figure 6. Experimental setup showing breast phantom and NEMA torso 
phantom set up for co-rotation relative to the PEM detector pair.   

Figure 5. Breast phantom positioned on encoded turn table between the 
two detector halves.



 

 
Randoms Fraction 
 

The randoms fraction was investigated in an experiment 
where the total and random coincidence rates were recorded. 
A home-made breast phantom (330 cm3 in volume) was 
placed between the (3+3 modules), and filled with 825 µCi 
64Cu (equivalent to 150 µCi 18F-FDG). The total coincidence 
rate was recorded. The randoms coincidence rate (RC) was 
then obtained by recording the coincidence rate after delaying 
all 3 cathode signals from one detector half, by 150 ns which 
was beyond the coincidence window (40 ns). The randoms 
fraction was calculated as the ratio of the random coincidence 
rate to the total coincidence rate. 
 

For the full scale camera, the randoms coincidence rate 
(RC) was predicted from the singles rate measurements of the 
prototype (3+3 modules), at three different positions, 
corresponding to the positions they would occupy in the full 
camera (upper, middle and lower), using the formula RC = 
SR2 × τ (where SR is the singles rate and τ is the coincidence 
time window). Singles rates were measured with uniform 
activities in the breast, torso and heart phantoms. The activity 
concentrations in the normal tissues of heart, torso and breast 
were in the ratio of 9:2:1 supported by Karimian et al.[8], 
Tornai et al.[9] and Zasadny et al.[5] The activity concentration 
in the torso was 5180 Bq/cm3 (0.140 µCi/cm3), which 
corresponded to 370 MBq (10 mCi) per 70,000 cm3, a typical 
18F-FDG injected dose for clinical studies[6]. The actual 
activity in the 9,700 cm3 torso phantom was 1340 µCi. The 
activities in the heart and breast were 70 µCi and, 23.1 µCi, 
respectively. A lead shield was used between the detectors and 
torso phantom, with a hole (10 cm in diameter) to allow for 
the breast phantom. The lead shields tested had thicknesses of 
0.32 cm, 0.64 cm and 0.95 cm, and results were extrapolated 
to obtain numbers with 1.27 cm thick lead shield. These 
values correspond to tungsten thicknesses of 0.22 cm, 0.44 
cm, 0.65 cm, and 0.86 cm (tungsten is the preferred material 
for bed shielding). The true coincidence rate was computed 
based on the predicted sensitivity and the activity level in the 
breast phantom. The randoms fraction was then calculated as 
the ratio of the random coincidence rate to the total 
coincidence rate. 
 
Scatter Fraction 
 

The scatter fraction was measured according to the NEMA 
standard publication NU 2-2001 “Performance Measurements 
of Positron Emission Tomographs”[10], except using a smaller 
phantom, suitable to the proposed camera geometry, and with 
the source mounted at the center of the field-of-view (FOV). 
The breast phantom described earlier was filled with water and 
used here as a scattering medium, placed in the FOV between 
the two detector halves. A line source was placed in the 
middle of the phantom, parallel to the Y direction (see Fig. 4 
for the coordinate system representation). The experiment was 
repeated with the addition of a water-filled torso phantom, and 
finally with no phantoms present. The source activity was 
such that the randoms fraction was negligible.    

 
In all cases a single sinogram was constructed, with 

complete angular sampling in the X-Z plane, using single-slice 
rebinning. A sum projection was then obtained over all 
angular projections. A central strip 40 mm wide was used to 
define the unscattered counts, as shown in the figure. Counts 
outside the strip, and below the line defined by the intersection 
of the strip with the projection were the scattered counts. The 
scatter fraction was computed as the ratio of the scattered to 
the total counts.  
 

We have further explored the effect of breast size on the 
scatter fraction. For the uncompressed breast, the path length 
traveled by photons inside the breast tissue increases with the 
breast radius (if the breast is compressed during imaging, then 
the dependence on mass will likely be substantially reduced.) 
The dependence of scatter fraction on breast volume was 
computed based on the assumption that the scatter fraction due 
to the breast tissue is linearly proportional to the Compton 
scatter probability of gammas in the breast tissue.  
 

III. RESULTS 

A. Sensitivity 
The sensitivity of the prototype (3+3 modules) was 

measured and calculated as 0.103%. A Monte Carlo 
simulation of the same configuration, assuming a 40 ns 
coincidence window, predicts a sensitivity of 0.12%, 17% 
higher than the measured value. For the full scale camera (9+9 
modules), Monte-Carlo simulations predicted a sensitivity of 
0.63% for a detector separation of 15 cm. 

 

B. Image Resolution  
 

The reconstructed image projected into X-Z plane is shown 
in Fig. 7. The resolutions in X and Z coordinates are both 2.7 
mm FWHM. Fig. 8 shows the dependence of spatial resolution 
on singles count rate. The resolution at low singles rate 
(90,000 cps) was similar to that obtained by using a 22Na point 
source (Fig. 7). The resolution gradually degraded at higher 
singles rates, indicated by ~18% increase in FWHM at 
260,000 cps singles rate; 50% increase at 450,000 cps; and 
82% increase at 580,000 cps. These experimental results 
demonstrated that image resolution remains under 3.5 mm at 
singles rates up to 300,000 cps and under 3.0 mm at singles 
rates up to 150,000 cps. From the Monte-Carlo simulation 
results, in which the singles rate does not exceed 65,000 cps 
with proper shielding for breast size up to 1 liter and torso size 
up to 25 liters, it can be concluded that image resolution will 
remain well under 3.0 mm in all breast cancer patients. 
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C. Image Quality 
 
Fig. 9 shows central transverse slice images of breast 

phantom containing the “lesion” spheres, after different image 
acquisition periods corresponding to actual acquisition times 
predicted in the targeted full scale camera to acquire the same 
number of signal counts.  Both “lesion” spheres were well 
resolved after just 5 minutes of acquisition time in all cases. 
Fig. 10 shows a representative example of 15:1 
lesion:background sequential trans-axial slices (2 mm) (along 
Y axis,(Fig. 4)), demonstrating the appearance and 
disappearance of both “lesion” spheres. For example, the 
small sphere shows up, becomes detectable and fades away in 
5 slices (10 mm), corresponding to the sphere’s diameter. Note 
the increasing size of the breast boundary moving from upper 
left to lower right as slices move closer to the chest wall.   

 
To assess the image quality, Regions of Interest (ROIs) with 

diameters equal to the physical inner diameter of each sphere 
were drawn on the slice through the centers of the sphere, and 
the “lesion” contrast recovery coefficient (CRC) was 
calculated as guided in NEMA NU 2-2001 standard. The CRC 
value is a measure of signal to background ratio, normalized 
by the foreground to background activity ratio, and is always 
well below 1.0. The lower CRC value indicates the lower 
possibility that a hot region can be discriminated from 
background, and vice versa. From previous PET performance 
measurements[11], hot region with CRC value greater than 0.1 
was considered as “detectable”. The results for the image-
quality phantom from the prototype camera are listed in Table 
1. The CRC was practically independent of scan duration, 
changing only slightly with the sphere-to-background ratio 
and increasing with increasing sphere diameter. The CRC’s 
were ~0.17 for the small lesion (9.7 mm) and ~0.35 for the 
large lesion (17 mm), indicating both lesions could be readily 
detected, in all circumstances.  
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Figure 8. FWHM resolution of a 62Cu point source at various singles 
rates. 

Figure 9. Reconstructed images showing both spheres with “lesion to 
background” ratio of (top) 15:1, (middle) 6:1 and (bottom) 3:1, at 5, 
10 or 30-minute acquisition periods. Two lesions with inner diameter 
of 9.7 mm and 17 mm respectively. 

Figure 7. Reconstructed image of a 41 µCi point source of 22Na in X-Z 
plane, obtained with the (3×3 modules) camera.  
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Contrast recovery coefficient (CRC) Lesion-to-
Background 
Ratio 

Sphere 
diameter 
(mm) 5 min 10 min 30 min 

9.7 0.20 ± 0.04 0.19 ± 0.07 0.18 ± 0.03 15 : 1 
17 0.29 ± 0.06 0.30 ± 0.05 0.31 ± 0.05 
9.7 0.18 ± 0.03 0.18 ± 0.02 0.17 ± 0.02 6 : 1 
17 0.29 ± 0.05 0.29 ± 0.04 0.31 ± 0.04 
9.7 0.16 ± 0.08 0.16 ± 0.04 0.15 ± 0.02 3 : 1 
17 0.31 ± 0.04 0.32 ± 0.03 0.32 ± 0.02 

 
 
 

D. Randoms Fraction 
 

With 0.65 cm tungsten shielding, the randoms fraction was 
measured and calculated as 20% for the prototype PEM 
camera (3+3 modules). The randoms fraction was also 
predicted in Monte Carlo simulations. The breast phantom 
described above was approximated by a water-filled cylinder 
with a diameter of 10 cm and a height of 4.2 cm (volume of 
330 cm3). The cylinder was placed in the center of the FOV, 
with its top side flush with the top side of the detectors. The 
singles rate obtained in the 3 modules was 87,000 cps for 150 
µCi (580 cps/µCi). The random coincidence rate (RC) was 
computed using the formula, RC = SR2×τ, where τ is the 
coincidence time window (40 ns) and SR is the singles rate in 
the 3 modules. The RC was 303 cps. The true coincidence rate 
was 1380 cps (accounting only for the active volume inside 
the FOV, and 40 ns coincidence window), and thus the 
randoms fraction was 303/(1380+303)=18%. Thus the 
simulation predicted randoms fraction agreed within 10% with 
the experimental value. 

 

 
Tungsten 

shield 
thickness 

(cm) 

 
Singles rate 
in closest 50 

straw 
module 

(maximum) 
(cps) 

 
 
 

Singles rate in 3 modules (cps) 

Estimated 
total 

singles rate 
in 9 

modules 
(cps) 

  Upper 3 Middle 3 Lower 3  
0.22 47,000 115,000 102,000 80,200 297,000 
0.44 33,000 77,500 73,000 58,800 209,300 
0.65 26,000 56,500 58,000 47,500 162,000 
0.86 22,000 45,000 47,000 39,500 131,500 

 
 
 
 
 

The singles rates measurements, listed in Table 2, give the 
upper limit rates since attenuation of gamma rays in 
intervening detectors is not taken into account. The rate 
measured in the 50-straw module seeing the highest rate from 
all sources (torso, heart and breast) was 26,000 cps, for a 
shield thickness of 0.65 cm, as listed in Table 2. For this rate, 
the fraction of events due to activity in the 330 cm3 breast was 
7000 cps (30%). The remaining 70% was due to activity in the 
heart and torso phantoms. The signal duration at the output of 
the shaping amplifier is 250 ns, thus the dead-time produced in 
this closest detector under maximum count rate conditions is 
only 1.6%.  
 

Using the formula, RC = SR2×τ, the randoms rate for the 
full scale camera was predicted from the singles rate 
measurements of Table 2. The true coincidence rate was 
computed based on the predicted sensitivity (0.63%) and an 
activity level of 855 kBq (23.1 µCi) in the breast, as before. 
The randoms fraction (RF), listed in Table 2, was then 
computed as the ratio of the randoms to the true+random 
coincidence rates. Fig. 11 shows the RF obtained with various 
shielding configurations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 12 shows the dependence of the RF on breast size, 
assuming the same activity concentration in the breast, as 

Figure 10. Sequential transverse slices (2 mm) for 15:1 lesion:background 
ratio showing appearance and disappearance of both “lesion” spheres. 
Slices move from distal breast toward the chest wall.  Note the increasing 
breast border moving from upper left to lower right. 

Table 1. Image quality phantom results for two different Lesion-to-
Background ratios. Data are mean ± SD. 

Table 2. Singles rates, due to typical FDG uptake in normal breast tissue 
(330 cc volume) , heart and torso.  Measurements were done by positioning 
the 3 x 3 module system in three sequential vertical positions translated by 
one 50 straw module width precisely simulating all positions of the full 
scale 9 x 9 module camera. 

Figure 11. Estimated randoms fraction as a function of the thickness of the 
tungsten shield, for the full scale camera (18 modules). 



 

given above. The activities in the torso and heart were 
constant. The shield was 0.65 cm thick tungsten. The RF drops 
slightly with increasing breast size because the true 
coincidence rate increases faster than the randoms rate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

E. Scatter Fraction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
For the prototype camera, the scatter fraction was computed 

as the ratio of the scattered to the total counts, and was 19% 
for the case with no phantom, and 33% when the breast 
phantom was used as the scattering medium (Fig. 13). No 
change in the scatter fraction was observed with the addition 
of the torso phantom. As these results indicate, the scatter due 
to the breast phantom alone was on the order of 14%. In the 
case with no phantom present, the scatter due to the detector 

materials and surrounding structures produces very long low 
intensity tails which do not degrade image resolution but 
rather slightly increase a more or less uniform background.   
 

The overall scatter was small, as we anticipated, due to (1) 
the limited extent of the scattering medium in breast; (2) 
negligible contribution from scattering produced by the torso; 
and (3) low detection efficiency for scattered events in the 
straw detectors.  

 

IV. CONCLUSION 
 
We have developed a novel new approach to PEM camera 

design based on lead walled straw (LWS) detectors, which not 
only intrinsically solves the common depth-of-interaction 
(DOI) blurring problem produced by crystal detectors, but also 
solves issues of high singles from torso background activity by 
combination of extended detector geometry and optimized 
analogue circuitry. We have constructed and tested two 
substantial sub-modules of a full scale camera and evaluated 
this system in phantom imaging studies to obtain projected 
performance of the full system. Based on these promising 
preliminary results, a full scale high sensitivity PEM camera 
will be constructed, tested, and evaluated in breast cancer 
patients.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 13. Projection of a concentrated source image showing that 
scatter produces very long low intensity tails with negligible 
degradation of image resolution.  Added scatter from the nearby torso 
is negligible. 

Figure 12. Estimated dependence of randoms fraction on breast 
volume, for the full scale camera (18 modules). 
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