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Abstract
A dedicated breast PET/CT system has been constructed at our institution, with the goal of having
increased spatial resolution and sensitivity compared to whole-body systems. The purpose of this
work is to describe the design and the performance characteristics of the PET component of this
device. Average spatial resolution of a line source in warm background using maximum a posteriori
(MAP) reconstruction was 2.5 mm, while average spatial resolution of a phantom containing point
sources using filtered back projection (FBP) was 3.27 mm. A sensitivity profile was computed with
a point source translated across the axial field of view (FOV) and the peak sensitivity of 1.64% was
measured at the center of FOV. Average energy resolution determined on a per-crystal basis was
25%. Characteristic dead time for the front-end electronics and data acquisition (DAQ) was
determined to be 145 ns and 3.6 µs, respectively. With no activity outside the FOV, a peak noise-
equivalent count rate of 18.6 kcps was achieved at 318 µCi (11.766 MBq) in a cylindrical phantom
of diameter 75 mm. After the effects of exposing PET detectors to x-ray flux were evaluated and
ameliorated, the combined PET/CT scan was performed. The percentage standard deviations of
uniformity along axial and transaixal directions were 3.7% and 2.8%, respectively. The impact of
the increased reconstructed spatial resolution compared to typical whole-body PET scanners is
currently being assessed in a clinical trial.
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1 Introduction
Positron emission tomography (PET) scanning is used routinely in assessing therapy response,
staging, and restaging of breast cancer (Linden et al., 2006; Eubank and Mankoff, 2005).
However, whole-body PET scanners are limited by low geometric sensitivity, low spatial
resolution and signal loss due to attenuation in the body, and this reduces their utility in
detecting small lesions (< 1 cm) and/or those with low tracer uptake (Avril et al., 2000). Since
breast cancer patients frequently present with lesions < 1 cm in size, this is a significant
limitation in the management of primary breast cancer. To overcome this, several groups are
working on dedicated breast imaging systems with high-resolution detectors that can be placed
close to the breast.
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Of these, the scanner with the most clinical exposure to date is the PEM Flex (Naviscan PET
systems, Inc, San Diego, CA). This device scans across the moderately compressed breast to
cover up to a 24×16.4 cm field of view (FOV) (Weinberg et al., 2004). Data is partially
tomographic, and the realized spatial resolution is 2.5 mm full-width at half-maximum
(FWHM) parallel to the detectors and 6 mm perpendicular to them. Reports of clinical testing
of this scanner are given in several publications including (Tafra et al., 2005) and (Berg et
al., 2006). Devices that also scan the moderately compressed breast include that described by
Turkington et al. (Turkington et al., 2002) and that described by Robar et al. (Robar et al.,
1997). Assessments of the clinical performance of these devices have been reported by Rosen
et al. (Rosen et al., 2005) and by Murthy et al. (Murthy et al., 2000) respectively. Fully
tomographic dedicated breast PET scanners have also been constructed by Raylman et al.
(Raylman et al., 2008), Wang et al. (Wang et al., 2006), the Crystal Clear Collaboration (Abreu
et al., 2007) and the Shimadzu Corporation (Kitamura et al., 2008). Other devices are also
proposed or under construction at Washington University, St Louis (Tai et al., 2006) and at
Stanford University (Levin et al., 2004). A multi-purpose scanner that can be configured for
breast imaging has also been built at MD Anderson Cancer Center (Li et al., 2007).

While PET provides good information about molecular processes, it has little structural
information compared to computed tomography (CT) or magnetic resonance imaging (MRI).
Combined PET/CT scanners allow near-simultaneous imaging of function and anatomy (Beyer
and Townsend, 2006). In addition to serving as an anatomical reference, the CT image is also
widely used for generation of the attenuation map for PET image reconstruction. Further,
mismatch of findings between PET and X-ray breast imaging has been demonstrated to be
highly predictive of malignancy (Berg et al., 2006) and accurate co-registration of tomographic
breast PET and CT is likely to make the task of identifying such mismatch significantly easier.
However, in the neoadjuvant chemotherapy setting, it has been observed that standard CT may
lack the spatial resolution needed to differentiate between complete and partial response in
primary breast cancer (Kanazawa et al., 2005).

The combination of these advantages and limitations motivated the construction of a combined
dedicated high-resolution breast PET/CT system at UC Davis. It consists of a dedicated breast
CT scanner and a dual-headed flat-panel lutetium oxyorthosilicate (LSO) PET scanner based
on components described in (Doshi et al., 2001), (Lamare et al., 2005)and (Wu et al., 2006).
The gantry for the PET component has been redesigned, a new control interface built, new
acquisition electronics added and new software written to control the device.

The purpose of this work is to characterize aspects of the imaging performance of the
redesigned breast PET scanner.

2 Materials and methods
2.1 System description

The PET component of the dedicated breast PET/CT system has two detector heads. There are
16 modules in each head arranged in a 4×4 matrix. In each module, there is one position-
sensitive photon multiplier (PSPMT) and one crystal array consisting of 9×9 crystals. The
crystal pitch is 3.3 mm and crystal size is 3×3×20 mm (Doshi et al., 2001). The detection
surface is 12×12 cm. A resistive network is used to reduce the number of readout signals to 4
for each head (Doshi et al., 2001).

Prompt and random coincidence detection, energy and position measurement are implemented
using Nuclear Instrumentation Module (NIM) based electronics similar to that described by
Lamare et al. (Lamare et al., 2005) but with a new custom-built fast spectroscopy amplifier
using CR-RC shaping with time constant of 80 ns. The coincidence time window (2τ) is set to
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12 ns. For random coincidences a delay of 32 ns is introduced. Additionally, computer
controlled counters (994, Ortec, Oak Ridge, TN) interfaced to the acquisition computer (a 3.4
GHz Pentium 4 PC) by means of RS232 connections record singles and coincidence rates for
dead time estimation. The data acquisition system (DAQ) is based on the PCI PowerDAQ
board PD2-MFS-2M/14 (United Electronic Industries, Inc., Walpole, MA) characterized for
PET applications by Judenhofer et al. (Judenhofer et al., 2005). The maximum event rate that
can be recorded by this system is 250 kHz. Buffer sizes for the DAQ are dynamically adjusted
based on counting rates by means of custom software written in LabWindows (National
Instruments Co., Austin, TX). Two DAQs are used to separately and simultaneously acquire
prompt and random coincidences. For each coincidence event, 2 bytes are assigned to record
each of the four outputs from each head (16 bytes per event). Position look-up-tables for each
crystal are generated by automatically segmenting data acquired during flood illumination of
both detectors using the method described by Chaudhari et al. (Chaudhari et al., 2008b).
Subsequently list-mode data are generated in Matlab with an energy window of 350 keV to
650 keV imposed on a crystal-by-crystal basis.

The CT system has a flat-panel x-ray detector and cone-beam geometry similar to that described
in (Boone et al., 2006). An x-ray generator (Pantak, East Haven, CT), an x-ray tube system
(Comet, Flamatt, Switzerland) and a flat-panel CsI-based digital detector system Paxscan
4030CB (Varian Medical Systems, Palo Alto, CA) were used in the CT system and a servo
motor (Kollmorgan, Radford, VA) was employed to drive the rotation. The spatial resolution
was described in (Kwan et al., 2007). The 500 projection x-ray images can be acquired in 16.7
seconds for 360° coverage. The technique factors can be adjusted to optimize the images for
different sizes of breast (Boone et al., 2005). Results from a clinical trial using this breast CT
system have recently been reported (Lindfors et al., 2008).

The integrated gantry is illustrated in figure 1. In the prototype described by Wu et al. (Wu et
al. 2006), the PET detectors had one degree of freedom (rotation), but the current PET gantry
has three MDrive23 stepper motors (Intelligent Motion Systems, Inc., Marlborough, CT) that
control vertical, horizontal and rotational motion. The motors are programmed by the computer
through RS-485 interfaces and the programs are stored in their nonvolatile memories. The host
computer communicates with the three motors using shared digital control lines through the
digital inputs/outputs of the first one of the two DAQ boards. The vertical drive allows the
detectors to be moved as close as possible to chest wall. The horizontal motion permits variable
head separation to accommodate breasts of different sizes. Gantry motion can be controlled
from the acquisition software or directly at the gantry using a USB controller pad (MaxFire
MiniPad V2, Genius, Taipei, Taiwan). For acquisition the PET heads are rotated in step and
shoot mode. For this work the detector separation was fixed at 206 mm and 40 rotational steps
were acquired over 180°. Due to the relatively small transaxial FOV of the PET (119 mm) with
respect to the average breast diameter the number of angular steps (40) was chosen to obtain
a high degree of angular sampling at the edge of the FOV throughout sinogram space while
still allowing a reasonable scan time. Although the number of steps sufficient for 3D
tomographic reconstruction at the center of FOV is far less than used in this study, as dictated
by Orlov’s sufficiency condition (Orlov, 1975), even with 40 projections the edges of the FOV
have incomplete angular sampling. The CT has FOV of 157×157×136 mm and the PET has
FOV of 119×119×119 mm. The FOVs are co-registered with a custom-made phantom
containing 4 non-co-planar point sources. The tops of FOVs can be aligned with each other if
desired.

During the CT scan, the PET system rotates with the CT gantry, while the CT gantry remains
still during PET scan. Two separate programs control the CT and PET motions but reading
each other’s position information. To permit safe rotation, all the PET cables go through the
CT gantry’s energy chain prior to connection to the NIM electronics.
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2.2 Image reconstruction and spatial resolution
2.2.1 Normalization and reconstruction—The detection efficiency of each LOR was
measured directly by using a custom planar phantom, as shown in figure 2(a). Data were
reconstructed using the Maximum a Posteriori-Preconditioned Conjugate Gradient (MAP-
PCG) method (Qi and Leahy, 2000; Qi et al., 1998; Chatziioannou et al., 2000) with the
normalization factors and center of rotation effects incorporated in the forward model;
sinograms were also generated, corrected for sensitivity variations due to the rotating geometry
and detection efficiencies, and reconstructed using filtered backprojection (FBP) with ramp
filter with cut off at 1.0 Nyquist frequency. For FBP reconstruction sinograms are summed
axially. No maximum ring difference or transverse angle limits were applied.

2.2.2 Spatial resolution—A phantom consisting of four point sources was constructed as
shown in figure 2(b). Capillary tubes with inner diameter of 1 mm were used to draw up small
drops of 18F-FDG in aqueous solution. These were then located at the following positions: at
20 mm off center perpendicular to detector surface, and at 10 mm, 30 mm and 40 mm off center
parallel to detector surface. Data were acquired for 10 minutes. Sinograms were generated,
summed axially and reconstructed using FBP with a ramp filter (cut-off frequency = 1.0
Nyquist). The image size was 200×200 with a pixel size of 0.412×0.412 mm. The FWHM
values using linear interpolation were calculated.

Another phantom was constructed as shown in figure 2(c) to measure the spatial resolution
with MAP reconstruction (Yang et al., 2004). A capillary tube with inner diameter of 0.8 mm
and length 70 mm was positioned at the center of a fillable plastic cylinder with diameter of
40 mm and length of 60 mm. The activity concentration ratio of the line source in capillary
tube to the background in the cylinder was 400:1, leading to an intensity ratio in the
reconstructed images ranging from 5:1 to 9:1. The phantom was placed in two positions to
measure spatial resolutions. It was placed vertically (line source parallel to axial direction) to
measure transaxial spatial resolutions and horizontally (line source perpendicular to axial
direction) to measure axial spatial resolution. The total activity of 18F-FDG was ~400 µCi (14.8
MBq) and data were acquired for 400 seconds for each measurement. Sinograms were
generated and reconstructed with MAP algorithm, the FWHM values with linear interpolation
were calculated (NEMA, 2007). The vertically placed phantom images were also reconstructed
using FBP with a ramp filter (cut-off frequency = 1.0 Nyquist) after single slice rebinning
(SSRB) and resampling and FWHM calculated.

Memory constraints prevented the iterative reconstruction of isotropically highly-sampled
image sets for resolution measurements. To reduce sampling error, different voxel sizes were
therefore chosen for transaxial and axial resolution measurements. The image matrix size was
set to 108×108×36 with voxel size of 1.10×1.10×3.30 mm for transaxial spatial resolution
measurements. For axial resolution calculations the image matrix size was 36×36×216 with
voxel size of 3.30×3.30×0.55 mm. For FBP transaxial resolution reconstruction of cylindrical
phantom, the image matrix size was 150×150×35 with voxel size of 0.55×0.55×3.30 mm.

2.2.3 Derenzo phantom images—A Derenzo phantom with hot rods (Mini Deluxe, Data
Spectrum Corporation, Hillsborough, NC, USA) was imaged. The phantom has 6 groups of
rods with diameter of 4.8 mm, 4.0 mm, 3.2 mm, 2.4 mm, 1.6 mm, 1.2 mm, and the separation
between the rods is 2 times the rod diameter. The phantom was filled with 700 µCi (25.9
MBq) 18F-FDG, and the phantom was scanned on the breast PET scanner for 30 minutes. The
image was reconstructed using MAP and FBP with ramp filter cut off at Nyquist frequency
after axial summing. The MAP image was summed axially after reconstruction and the pixel
size was 1.10×1.10 mm. The pixel size of FBP image was 0.825×0.825 mm. For comparison,
the phantom was re-filled with 1 mCi (37 MBq) 18F-FDG, and re-scanned on a GE Discovery

Wu et al. Page 4

Phys Med Biol. Author manuscript; available in PMC 2010 July 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ST whole-body PET/CT scanner (GE Medical Systems, Milwaukee, WI) for 40 minutes. The
image was reconstructed with OS-EM with 12 iterations and 30 subsets and again summed
axially, and the pixel size was 1.37 mm.

2.3 Sensitivity
To measure the sensitivity, a small-diameter (1 mm) 68Ge source of 20.14 µCi (745 kBq)
(Eckert & Ziegler Isotope Products, Valencia, CA) was put at the rotational center of the
system. The source was moved along the axial direction by a stepper motor with an increment
of 5 mm. A total of 29 positions were recorded. For each step, the prompt and random
coincidences were acquired simultaneously for 300 seconds. LSO background was acquired
for 300 seconds with no point source in the FOV. An energy window of 350–650 keV was
applied in software and the count rate was calculated. The randoms and background count rates
were subtracted and the sensitivity was calculated.

2.4 Energy resolution
The planar normalization phantom (figure 2(a)) was filled with 500 µCi (18.5 MBq) 18F-
fluorodeoxyglucose (18F-FDG) and placed at the center of two heads. Single events were
acquired for 30 minutes for each head and LSO backgrounds were also acquired for 30 minutes
for each head. Both singles and backgrounds were assigned to crystals based on a segmented
crystal look-up-table. Energy spectra from each crystal were generated and the background
spectra were subtracted from singles spectra. The energy spectra were fitted to Gaussian curves
and energy resolutions calculated.

2.5 Count rate performance
To determine the count rate performance, an approximately cylindrical phantom with a length
of 110 mm and diameter 75 mm was used. The activity in the phantom at the beginning of
experiment was 820 µCi (30.34 MBq). Data were acquired at different activity for a total 12
half-lives. The singles count rate and DAQ input/output count rates were recorded over time.
The count rates were fitted to appropriate dead time models and dead times were calculated.

To calculate noise-equivalent count rate (NECR), the scatter fraction (SF) must be measured
or estimated (Strother et al., 1990). Since no standard, validated method for measuring scatter
fraction in a breast PET device is currently available, a Monte Carlo simulation with GATE
(Jan et al., 2004) was performed to estimate SF. A cylindrical phantom approximating that
used experimentally was modeled.

The NECR was calculated using equation (1) (Watson et al., 2005), where R was the randoms
rate which was measured, T (trues) and S (scatters) were defined in equation (2) and (3)
respectively, k is either 0 or 1. In equation (2) and (3), P (prompts) was the coincidence rate
which was measured directly and SF was taken from the simulation. Randoms and scatters
included only events containing lines of response (LOR) passing through the cylindrical
phantom.

(1)

(2)
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(3)

2.6 Effects of x-ray scatter on LSO detectors
In the combined configuration (see figure 1), x-rays may scatter onto the detector faces during
CT acquisition. This may potentially stimulate long-lived after-glow in the LSO crystals,
negatively impacting subsequent PET scans (Rogers and Batty, 2000). To determine the
magnitude of such effects, the PET detectors were placed in the CT gantry with and without 2
mm thick lead shielding and at several different locations (figure 3). The primary x-ray beam
was collimated and a cylindrical breast phantom (CIRS, Norfolk, VA) with consistency
equivalent to 50% fat and 50% glandular tissue (diameter = 15 cm) was place at the center of
the field of view. PET detectors were placed at 10 cm, 5 cm and 2.5 cm from the edge of the
primary x-ray beam path. The primary x-ray beam width was 22.8 cm at the phantom center.
The x-ray tube was then energized with typical acquisition parameters (7 mA, 80 kVp, 16.7
seconds duration) and the background count rates and flood histograms from the LSO detectors
were subsequently recorded over time.

2.7 Combined PET/CT scan
The PET and CT data were taken sequentially and reconstructed independently and currently
no CT based attention correction was applied. The co-registration parameters were determined
with a custom-made phantom containing 4 non-co-planar point sources. An approximately
cylindrical phantom with a length of 110 mm and diameter 75 mm was imaged by both PET
and CT. The duration of PET scan was 80 minutes and the initial activity was 110 µCi, and
the CT data was acquired without CT contrast immediately prior to the PET scan with typical
technique (7 mA, 80 kVp, 16.7 seconds duration). The PET image was reconstructed using
MAP with 108×108×36 voxels of dimension 1.1×1.1×3.3 mm. The CT image was
reconstructed using Feldkamp (Feldkamp et al., 1984) algorithm with 512×512×512 voxels of
dimension 0.245×0.245×0.278 mm.

2.8 Image uniformity
The axial and transaxial profiles of the images in Section 2.7 were calculated. The axial profile
was calculated in 36 slices. In each slice, a circular region within diameter of 56.25 mm (75%
of 75 mm) was chosen and the values were summed. The transaxial images were summed in
range of axial position from −45 to 35 mm and the transaxial profile crossing the center of
cylinder was calculated. This range was chosen to include the truly uniform region of the
phantom based on the shape shown in the coronal image.

3 Results
3.1 Image reconstruction and spatial resolution

Reconstructed transaxial image resolutions at a range of positions with respect to the center of
field of view are shown in Table 1. Average transaxial spatial resolution for the FBP
reconstruction was 3.27 mm. The standard deviation was calculated from 3 repeated
experiments with separately prepared point sources. The axial summing of the data prior to
FBP reconstruction may have resulted in a slight degradation of the resolution measurement,
although this is unlikely to be a large effect. The tangential resolution is much worse than the
radial resolution when the position is close to the edge of FOV and this is presumably due to
the depth-of-interaction (DOI) effect. At the location close to the edge of FOV, when measuring
the radial resolution, the detector faces are close to parallel to the radial direction and the
covered angle is limited, resulting in reduced DOI uncertainty.
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The MAP algorithm gave improved resolution compared to FBP, as listed in Table 2. The
standard deviation was calculated from 11 slices of the line source image. The average spatial
resolution of MAP reconstruction was 2.5 mm.

Reconstructions of the Derenzo phantom data are shown in figure 4. For FBP with ramp filter
(cut-off frequency = 1.0 Nyquist) rods with diameter as small as 3.2 mm were resolved, where
as MAP reconstruction allowed the visualization of rods as small as 2.4 mm in diameter. As
seen in the image, ring artifacts were present and this is probably due to the very simple
normalization implemented in the FBP reconstruction. The data obtained using the GE
Discovery ST whole-body PET/CT scanner were reconstructed using the manufacturer’s
implementation of OS-EM, with 12 iterations and 30 subsets; the resulting image is shown in
figure 4(c). Rods with diameter 4.0 mm were resolved in the whole-body images.

3.2 Sensitivity
The sensitivity along the axial direction is plotted in figure 5. The measured sensitivity was
1.64% (0.61 kcps/µCi) at the center of FOV without dead time correction. In the National
Electrical Manufacturers Association (NEMA) standard (NEMA, 2007), the count loss due to
dead time should be <1% for the sensitivity measurement. In our measurement, the combined
count loss, i.e. dead time percentage, due the singles dead time and data acquisition dead time
was 6.7% with a maximum of 10.0% at the center of FOV. In addition, our simple approach
is affected by self-attenuation of the point source, which means that the sensitivity measurement
is somewhat underestimated.

3.3 Energy resolution
Figure 6 shows part of a segmented flood image containing one module of a detector head.
Energy spectra of three different individual crystals are also shown in figure 6 and their energy
resolutions are 35%, 30% and 21% respectively (full-width at half-maximum of full energy
peak). The overall average energy resolution for the system is 25% with minimum of 18%,
maximum of 40% and standard deviation of 3.7%. No significant difference was observed from
module to module.

3.4 Count rate performance
The singles count rate was recorded and plotted against activity as shown in figure 7(a). The
count rate was fitted to a paralyzable model (Knoll, 2000) with the equation (4), where m is
the measured count rate, n is the real count rate and τ is characteristic dead time per event. The
dead time per event calculated for singles was 145 ns. The main cause of singles dead time
was the front end processing electronics. The recorded count rate of DAQ was plotted against
input count rate as shown in figure 7(b). It was fitted to a non-paralyzable model (Knoll,
2000) as in equation (5), and the characteristic dead time per event was determined to be 3.6
µs. The main cause of DAQ dead time was the limited sampling rate of DAQ system (rating
250 kHz) and it reduced the prompts rate at high activity.

(4)

(5)

The measured prompts and randoms are plotted in figure 8, together with trues, scatters and
NECR (calculated using both the 1R and 2R methods, where k was 0 and 1 in equation (1)
respectively). The peak NECR was 19.3 kcps at 318 µCi (11.766 MBq) for 1R method or 18.6

Wu et al. Page 7

Phys Med Biol. Author manuscript; available in PMC 2010 July 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



kcps at 318 µCi (11.766 MBq) for 2R method. The reason for the fall off of NECR and prompts
curves was the multiplexing readout. At high count rate, the pile-up caused event
mispositioning which can be seen from flood histogram and energy add-up. The mispositioning
caused the incorrect energy threshold applied to the event and therefore reduced the prompts
rate. Random coincidences did not affect NECR much in this setup primarily because of the
favorable geometry with no activity outside of the field of view.

3.5 Effects of x-ray scatter on LSO detectors
Without shielding, after energizing the x-ray tube, the background count rates increased and
took several hours to return to baseline status (figure 9). The baseline count rate was 67 kcps
before x-ray energization. The flood histogram was also seen to degrade. The peak-to-valley
ratio decreased by 18±4% for five rows of five detectors (one row each detector) after x-ray
energization. As expected, the effect was strongest when the detectors were closest to the edge
of the beam. Figure 9 shows the background count rate as a function of time at the closest
distance used (2.5 cm from the beam edge).

With 2 mm of lead shielding on the front and sides, no obvious degradation was seen compared
to the baseline flood histogram and no significant change was seen in the background count
rate. The peak-to-valley ratio decreased by 5±3% for the same five rows of five detectors after
x-ray energization. This result was obtained with the detectors as close as 2.5 cm to primary
beam. Lead shutters of thickness 3 mm have been fabricated and installed for the system to
shield the detectors during CT acquisition.

3.6 Combined PET/CT scan
The transaxial, coronal and sagittal views of PET, CT and fused images are shown in figure
10. The first row are PET images, the second row CT images and the last row fused images.
From left to right are transaxial, coronal and sagittal views, respectively.

3.7 Image uniformity
The axial and transaxial profiles are shown in figures 11(a) and 11(b). The percentage standard
deviation of axial profile in range from −45 to 35 mm was 3.7% and the one of transaxial profile
in range from −28 to 28 mm was 2.8%.

4 Discussion
The multiplexing readout and DAQ dead time causes the NECR to peak at relatively low
activity of 318 µCi (11.766 MBq), but we note that the actual activity in the patient breast with
a 10 mCi (370 MBq) 18F-FDG injection, 60 minutes of uptake and 20% excretion (assuming
2% goes to each breast) would be significantly less than this (~110 µCi or 4.07 MBq). However
in human imaging, activity outside of the field of view is likely to significantly degrade peak
NECR (Lamare et al., 2005). Dead time could be significantly reduced by reading detector
modules individually and implementing a new DAQ with less dead time. A project to undertake
this effort is under way, in collaboration with workers at the Lawrence Berkeley National
Laboratory and funded by the Susan G. Komen Foundation.

Sensitivity for this prototype system is moderate in the geometry examined. Greater gains
would be possible if the detectors were operated with a lesser separation distance, but this is
not likely to be practical for tomographic imaging of typical breast sizes. The system sensitivity
may be improved in a future system by utilizing more detector material and/or a different
geometry (Bowen et al., 2006).
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The spatial resolution can be improved by using a more finely pixelated LSO crystal array, but
the long length of crystal that is needed to maintain sensitivity would introduce parallax error
and degrade the benefits of finer sampling. Edge-on, dual-ended readout and segmented
detector designs have been proposed to reduce this effect in breast PET scanners (Wang et
al., 2006; Abreu et al., 2007; Zhang et al., 2007; Kitamura et al., 2008). We are currently
exploring a hybrid dual-ended readout detector design to solve this problem while maintaining
a large detector packing fraction (Chaudhari et al., 2008c).

A device such as the one described here can also be used to image other extremities and we
are currently exploring the possibility of using it to image response to therapy in the wrist for
patients with rheumatoid arthritis (Chaudhari et al., 2008a).

5 Conclusions and future work
The PET component of the dedicated breast PET/CT system at our institution has improved
imaging characteristics in comparison to commercial whole-body scanners, particularly when
MAP reconstruction is used. Corrections for efficiency normalization, center of rotation offsets
and geometric effects have been implemented. To facilitate fully quantitative high-resolution
PET imaging of the human breast, effort is now being directed at implementing and validating
accurate corrections for attenuation, scatter, randoms and dead time. The first studies in humans
are shortly to be reported elsewhere; once quantitative images can be generated we plan to
investigate the utility of dedicated breast PET/CT in monitoring response to neo-adjuvant
therapy for primary breast cancer.
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Figure 1.
Design drawing (a) and system picture (b) of integrated PET/CT gantry.
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Figure 2.
Normalization phantom (a) and spatial resolution measurement phantom for FBP (b) and for
MAP (c).
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Figure 3.
Experimental setup for effects of x-ray scatter on LSO detectors.
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Figure 4.
Derenzo phantom images. FBP reconstructed (a), MAP reconstructed (b) and acquired on a
GE Discovery ST whole-body PET/CT, reconstructed with OS-EM (c)
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Figure 5.
Sensitivity along axial direction.
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Figure 6.
Segmented flood histogram and energy spectra.
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Figure 7.
Count rate measurements. (a): Singles count rate versus activity. (b): recorded count rate by
the DAQ versus the input count rate.
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Figure 8.
NECR performance.
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Figure 9.
LSO background count rate after energizing x-ray tube.
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Figure 10.
PET, CT and fused images of an approximately cylindrical phantom.
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Figure 11.
Axial (a) and transaxial (b) profiles of uniformity.
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Table 1
Spatial resolution (FWHM) at different locations (point sources phantom)

Location (X: mm, Y: mm, Z = 0) −30, 0 −10, 0 40, 0 0, −20

Radial (mean ± SD: mm) 3.27±0.01 3.52±0.20 2.80±0.02 2.53±0.58

Tangential (mean ± SD: mm) 3.59±0.07 3.77±0.46 3.67±0.09 3.01±0.41
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Table 2
Spatial resolution (FWHM) at different locations (cylindrical phantom)

Location (X, Y: mm, Z=0) 0, 0 45, 0

Radial (mean ± SD: mm) 3.28±0.11 3.00±0.08

FBP Tangential (mean ± SD: mm) 2.77±0.06 3.98±0.19

Radial (mean ± SD: mm) 2.70±0.13 2.69±0.08

MAP Tangential (mean ± SD: mm) 2.73±0.10 2.49±0.14

Axial (mean ± SD: mm) 2.17±0.08 2.10±0.10
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