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Abstract
Development of partial ring, dedicated breast PET scanners is an active area of research. Due to the
limited angular coverage, generation of distortion and artifact free, fully 3D tomographic images is
not possible without rotation of the detectors. With TOF information it is possible to achieve the 3D
tomographic images with limited angular coverage and without detector rotation. We performed
simulations for a breast scanner design with a ring diameter and axial length of 15-cm and comprising
of a full (180 degree in-plane angular coverage), 2/3 (120 degree in-plane angular coverage), or ½
(90 degree in-plane angular coverage) ring detector. Our results show that as the angular coverage
decreases, improved timing resolution is needed to achieve distortion-free and artifact-free images
with TOF. The CRC value for small hot lesions in a partial ring scanner is similar to a full ring Non-
TOF scanner. Our results indicate that a timing resolution of 600ps is needed for a 2/3 ring scanner,
while a timing resolution of 300ps is needed for a ½ ring scanner. We also analyzed the ratio of lesion
CRC to background pixel noise (SNR) and concluded that TOF improves the SNR values of the
partial ring scanner, and helps to compensate for the loss in sensitivity due to reduced geometric
sensitivity in a limited angle coverage PET scanner. In particular, it is possible to maintain similar
SNR characteristic in a 2/3 ring scanner with a timing resolution of 300ps as in a full ring Non-TOF
scanner.

1. Introduction
In recent years, dedicated partial ring PET devices (PEM, positron emission mammography)
have been developed for use in breast imaging. Based upon our discussions with clinicians,
there are two primary reasons why partial ring, as opposed to full ring, dedicated breast PET
scanners are advantageous: they provide the ability to perform needle biopsy while a patient
is in the scanner, and the ability to acquire the PET image in conjunction with a mammography
unit placed orthogonal to the PET detectors. These dedicated breast scanners use a variety of
detector configurations and scintillators arranged in close proximity to the patient, which leads
to a higher sensitivity than clinical PET scanners and reduced attenuation of photons traveling
through the patient chest wall (Thompson et al., 1994, Thompson et al., 1995, Doshi et al.,
2000, Moses et al., 1995, Weinberg et al., 1996, Raylman et al., 2000, Raylman et al., 2001,
Raylman et al., 2002, Raylman et al., 2003). The resolution of most of these scanners is in the
range of 2-4-mm, with an emphasis on spatial resolution at the expense of sensitivity (short
crystals) (Thompson et al., 1994, Thompson et al., 1995, Weinberg et al., 1996, Raylman et
al., 2000). More recently proposed scanner designs overcome some of these limitations by
utilizing detectors capable of about 1-mm spatial resolution, high sensitivity (20-mm long LSO
scintillators), and depth-of-interaction (DOI) measurement capability (Levin et al., 2006, Yang
et al., 2006). The DOI capability is needed in order to maintain the high spatial resolution
throughout the field-of-view (FOV) of a small diameter scanner using long crystals for high
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sensitivity. However, none of these dedicated breast PET scanners produce a fully 3D
reconstructed tomographic image that is very beneficial for detecting small tumors. The reason
for this is the limited angle coverage of the imaging plane due to a partial detector ring, leading
to an incomplete sampling of the polar angles and producing artifacts in image reconstruction
(Townsend et al., 1980). As a result, focal plane tomographic techniques (Muehllehner et al.,
1976) are used to produce 2D images in several parallel planes. As pointed out by others
(Moses and Qi, 2003), the resultant images in these situations have a broad background, leading
to reduced lesion contrast compared to a full 3D tomographic reconstruction.

In the last few years, good timing resolution achieved by scintillators such as lutetium and
lutetium-yttrium oxy-orthosilicate (LSO/LYSO) and lanthanum bromide (LaBr3) has re-
invigorated interest in TOF PET imaging for clinical scanners that can lead to improved image
quality (Conti et al., 2005, Karp et al., 2005, Surti et al., 2007). TOF PET will contribute limited
image quality gains in dedicated breast scanners due to the small object size. However, as
shown recently the number of angular views necessary for an artifact-free image reconstruction
is reduced as timing resolution improves (Vandenberghe et al., 2006, Vandenberghe and
Lemahieu, 2007). As a result, we have investigated the performance of a limited angle, but
TOF-capable, breast scanner to determine whether it is possible to achieve artifact-free
tomographic images for studies focused on detection and quantification of lesion in the breast.
Specifically, we first study the impact of scanner spatial resolution in achieving high contrast
recovery for small, low uptake lesions in a breast imaging situation. For TOF imaging
capability we then study the impact of timing resolution as a function of angular coverage on
achieving artifact-free images with high contrast recovery values for small, hot lesions. Finally,
a simple SNR metric is used to study the trade-off in sensitivity achieved due to reduced partial
angular coverage and improved timing resolution. For this study, we restrict our partial ring
geometry so that only two PET detectors placed directly opposite each other are used in
coincidence.

2. Methods
We performed Monte Carlo simulations for a breast scanner design in order to understand the
benefit of TOF in reconstruction of limited angle PET data. The Monte Carlo simulation is
based on an EGS4 simulations package which models annihilation photon emission and
transmission (with attenuation and scatter) through a geometric phantom, tracks their
subsequent passage through a scintillation detector configuration, models the detector light
response and point spread function as well as timing resolution, and outputs a list-mode data
set where each event is tagged as scattered (in the phantom) or true (unscattered) event (Adam
and Watson, 1999, Surti et al., 2004, Surti et al., 2006). In this work we reconstructed only the
true coincidences. The simulated scanner had a ring diameter of 15-cm and axial length of
about 15-cm. Three different LSO crystal sizes were simulated for the detector: 1×1×10-
mm3, 2×2×10-mm3, and 3×3×10-mm3. The simulated phantoms were a 10-cm diameter by 8-
cm long and a 6-cm diameter by 8-cm long cylinder, each containing three 5-mm diameter hot
spheres with 8:1 uptake with respect to background (at {x,y} coordinates of {0,0}, {3,0}, and
{0,−3) cm in the 10-cm diameter cylinder and at {x,y} coordinates of {0,0}, {1.8,0}, and {0,
−1.8) cm in the 6-cm diameter cylinder), and one cold sphere (at {x,y} coordinates of {0,3}
cm in the 10-cm diameter cylinder and at {x,y} coordinates of {0,1.8} in the 6-cm diameter
cylinder). The scan times were calculated by assuming a 15-mCi 18F-FDG injection followed
by a 1 hour uptake period leading to an 18F-FDG concentration of 0.0975-µCi/cc in the breast
(representative of the average radiotracer concentration in normal breast tissue (Zasadny and
Wahl, 1993)).

Image reconstruction was first performed using data from a full scanner ring (complete 180
degree in-plane angular coverage). For partial ring geometries, data from the full scanner ring
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simulation were gated to throw away those events not lying within the angular coverage region.
In this way image reconstruction was also performed for a two-third scanner ring (120 degree
in-plane angular coverage) and a half scanner ring (90 degree in-plane angular coverage)
(Figure 1). For image reconstruction we used a 3D list-mode iterative reconstruction algorithm
using chronologically ordered sub-sets. This algorithm uses a Gaussian TOF kernel for TOF
reconstructions. Using a relaxed OSEM update equation (i.e., λ=1) with 33 subsets, we find
that we can use 3–6 iterations of the reconstruction algorithm, depending upon the timing
resolution, to achieve maximum contrast for the hot lesions. The voxel size of the reconstructed
images was 0.5×0.5×0.5-mm3.

For quantitative analysis we used a contrast recovery coefficient (CRC) metric to estimate the
sphere uptake accuracy for the hot spheres. For this calculation, regions-of-interest (ROIs)
were drawn over the hot and cold spheres, equal in size to the sphere diameters, to obtain the
mean counts (CH for the hot, and CC for the cold lesion). Annular regions beyond the sphere
diameter of 5-mm were drawn to estimate the background counts (CB) (inner diameter of 10-
mm and outer diameter of 20-mm). The background ROIs were drawn locally in this manner
due to the non-uniformities and artifacts which arise in some of the reconstructed images that
will lead to incorrect estimation of the background counts. CRC for hot spheres was calculated
using the NEMA definition (2001):

Similarly for the cold sphere, CRC was estimated by:

In addition, we also calculated a simple measure of signal-to-noise (SNR) given by:

where σH is the standard deviation of counts in an ROI drawn over the lesion, and σB is the
standard deviation of counts in the background ROI.

3. Results
3.1. Impact of crystal size

In Figures 2a–c we show the reconstructed images for a full ring scanner for the three crystal
cross-sections investigated. Visually, it is very clear that the contrast in the three hot lesions
decreases as the crystal size is increased. This is quantitatively observed in Figure 2d which
shows the CRC value for the three hot lesions decreasing noticeably as the crystal cross-section
is increased to 3×3-mm2. A similar trend was observer for the cold lesion (Lesion 4) where the
CRC values were 46%, 35%, and 16% for crystal cross-sections of to 1×1-mm2, 2×2-mm2,
and 3×3-mm2, respectively. All subsequent evaluations were performed for a scanner using
1×1×10-mm3 crystals.
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3.2. Impact of TOF on limited angle reconstruction of data from a small object
In Figure 3 we show the central transverse slice for reconstructed images for the 6-cm diameter
phantom. As the angular coverage is reduced (moving from full ring through 2/3 ring to a ½
ring scanner) there is increased distortion in the image in a direction perpendicular to the
detectors. With TOF information (timing resolution of 200ps), this distortion is greatly reduced.

3.3. Impact of TOF on limited angle reconstruction of data from a large object
In Figure 4 we show the central transverse slice for reconstructed images for a larger 10-cm
diameter phantom. Now, as the angular coverage is reduced (moving from full ring through
2/3 ring to a ½ ring scanner) there are significant artifacts in the Non-TOF reconstructed images
due to missing angular views. The TOF information still leads to more realistic reconstructed
images with reduced artifacts. The two bright vertical strips in the 2/3 ring scanner Non-TOF
reconstruction are due to the acceptance of LORs within the same detector at its two edges, an
effect that in practice will not be present since we reject LORs with both end-points in the same
detector.

3.4. Impact of TOF on CRC achieved in limited angle tomography
Figure 5 shows the measured CRC values for the three hot lesions (Lesion 1, 2, and 3) in the
full, 2/3, and ½ ring scanners as function of timing resolution. The results are shown only for
those images that were deemed to be relatively artifact-free for analysis. The results show that
TOF imaging has no impact on the CRC values achieved in the full ring scanner. For the 2/3
ring scanner, a timing resolution of 600ps or better leads to CRC values which are similar to
those achieved in the full ring scanner. The drop in CRC seen for lesion 2 in the 2/3 ring scanner
with 600ps TOF reconstruction is due to bright vertical strips seen in the image due to LORs
with end-points near the edges of the same detector. As a result the background estimate for
this lesion is higher leading to a reduction in the CRC for that lesion. For the ½ ring scanner,
on the other hand, our results indicate that a timing resolution of 300ps or better still helps
achieve CRC values for all three lesions which are similar to those achieved in the full ring
scanner. For a qualitative comparison, in Figure 6 we also show the central slices for the
reconstructed images for the three scanner geometries as function of timing resolution. It is
obvious that for the ½ ring scanner, 600ps TOF and Non-TOF images have significant artifacts,
while for the 2/3 ring scanner the Non-TOF image has the most significant artifacts.

3.5. Impact of TOF on SNR achieved in a full ring scanner
In clinical whole-body imaging it has been shown that TOF imaging leads to increases in image
SNR values especially as the imaging object increases in size. In breast imaging the increase
in SNR, if any, is expected to be small. In Figure 7 we show the SNR values calculated for
Lesions 1 and 3 in a full ring scanner as a function of scan time. Our results indicate that there
is some gain in the SNR achieved for the two lesions with very good timing resolution of 200–
300ps. If such high timing resolution can be achieved in a PET detector, then one can expect
a basic SNR improvement with TOF information even in a full ring PET scanner.

3.6. Impact of timing resolution on SNR achieved in limited angle TOF scanners
Since limited angle tomography will also lead to a reduction in scanner sensitivity, a final step
in our evaluation was to investigate the impact on SNR for limited angle scanners with TOF
information. Again, our analysis was restricted to those situations that produced relatively
artifact-free images. Figure 8 summarizes our results. With a timing resolution of 300ps and
better, the 2/3 ring TOF scanner performs at least as well as a conventional full ring Non-TOF
scanner while the ½ ring scanner requires longer scan times to achieve similar performance.
With a 600ps timing resolution, a full ring TOF scanner has no noticeable advantage over a
full ring Non-TOF scanner. However, with this timing resolution and slightly longer scan times,
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we can achieve SNR values with a 2/3 ring scanner that are similar to the full ring Non-TOF
scanner.

4. Discussion and conclusions
In this work we have primarily shown the benefit of using TOF information for generating
distortion or artifact-free images in a limited angle, emission tomography situation such as that
encountered in dedicated breast PET imaging. In particular, without TOF information, the
limited angle situation leads to not only distortions, but also severe artifacts in the reconstructed
image as the object size relative to the scanner ring diameter increases. The reconstructed image
in this situation for a warm cylinder with hot/cold lesions has large non-uniformities in the
background. This greatly limits the use of such a PET scanner in quantitative imaging
situations, especially those where the scanner ring diameter is small in order to achieve high
geometric sensitivity. Consequently, detector rotation needs to be employed to cover all the
missing LORs, which however leads to longer scan times or essentially a reduction in effective
sensitivity.

By using TOF information, a lot of the distortions as well as non-uniform artifacts can be
reduced without the need for detector rotation. However, as the angular coverage is reduced,
better timing resolution is needed to produce artifact-free images. In particular, in our study
we found that a timing resolution of 600ps or better was needed for a 2/3 ring scanner (scanner
ring diameter of 15-cm), while a timing resolution of 300ps or better was necessary for the ½
ring scanner geometry, in order to achieve hot lesion CRC values similar to a full ring scanner.
This suggests that there will eventually be a trade-off in the design of such PET scanners where
the timing resolution will be determined by detector performance which, in turn, will define
the minimum angular coverage needed in the scanner for artifact or distortion-free images
without rotation. While this study uses a symmetric gap distribution between the two detectors,
it may be possible to achieve artifact-free images with TOF PET in situations where there are
more than two gaps or gaps of unequal size as well.

Since limited angle tomography leads to a reduction in sensitivity relative to a full ring scanner
due to the loss of counts in the missing LORs, and we also show that there is a gain in SNR
with TOF information, we calculated the relative sensitivity of various scanner geometries
considered in this work relative to a full ring Non-TOF scanner. In Table I we show this
sensitivity value which is simply a product of the relative geometric sensitivity (due to missing
LORs) and the simple TOF gain given by Budinger (Budinger, 1983) as D/Δx, where D is the
object diameter (10-cm for these calculations) and Δx=c•Δt/2 (where c is the speed of light
and Δt is the fwhm of the scanner timing resolution). The expected changes in absolute
sensitivity as derived from these first principles are in reasonable agreement from the results
we showed in Fig. 7 and Fig. 8 for the hot lesion SNR values. In particular the 2/3 ring scanner
with 300ps timing resolution has similar performance to the full ring Non-TOF scanner.

In conclusion, we have shown that TOF PET imaging can have an important application in the
design of limited angle, application specific PET scanners. By producing distortion and artifact-
free images one can avoid the need for detector rotation in order to achieve quantitative,
tomographic images. This can have an impact in the design of not only dedicated breast
scanners, but also in-beam PET scanners for monitoring of dose delivery in proton and heavy-
ion therapy machines.
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Figure 1.
Scanner setup for the (a) full, (b) 2/3 (120 degrees in-plane coverage), and (c) ½ ring (90 degrees
in-plane coverage) scanners. The ring diameter and the axial length for the scanners are 15-
cm. The simulated cylindrical phantom (length is 8-cm, diameter is 6 or 10-cm) has three, 5-
mm diameter hot spheres (lesion 1, 2, and 3) with 8:1 uptake with respect to background, and
one, 5-mm diameter cold sphere. The scanner ring diameter was fixed at 15-cm.
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Figure 2.
Reconstructed images for a central transverse slice from a full ring scanner using three different
crystal cross-sections: (a) 1×1-mm2, (b) 2×2-mm2, and (c) 3×3-mm2. (d) Measured CRC values
for the three hot lesions in a full ring scanner using three different crystal cross-sections, 1×1-
mm2, 2×2-mm2, and 3×3-mm2. The results are shown for phantom with diameter of 10-cm.
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Figure 3.
(a) Schematic of detector arrangement for a full ring (Left), 2/3 ring (Middle), and ½ ring
(Right) scanner. (b) Reconstructed images for a central transverse slice of a 6-cm diameter
cylindrical phantom. The top row shows TOF reconstructed images (timing resolution of
200ps), while the bottom row has the Non-TOF images. The crystal size for these simulations
was 1×1×10-mm3.
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Figure 4.
(a) Schematic of detector arrangement for a full ring (Left), 2/3 ring (Middle), and ½ ring
(Right) scanner. (b) Reconstructed images for a central transverse slice of a 10-cm diameter
cylindrical phantom. The top row shows TOF reconstructed images (timing resolution of
200ps), while the bottom row has the Non-TOF images. The crystal size for these simulations
was 1×1×10-mm3.
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Figure 5.
CRC values for Lesions 1, 2, and 3 in a 10-cm diameter phantom for a full ring (a), 2/3 ring
(b), and ½ ring (c) scanner for 200ps TOF, 300ps TOF, 600ps TOF, and Non-TOF scanners.
Results are only shown for those images that were deemed relatively artifact-free. The crystal
size for these simulations was 1×110-mm3.
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Figure 6.
Central transverse slice from reconstructed images for a 10-cm diameter cylindrical phantom
in a full ring (a), 2/3 ring (b), and ½ ring (c) scanner. With each set, the four images moving
left to right are: 200ps TOF, 300ps TOF, 600ps TOF, and Non-TOF. The crystal size for these
simulations was 1×1×10-mm3.
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Figure 7.
SNR values for Lesions 1 (a) and 3 (b) in a 10-cm diameter phantom placed in full ring scanner
with varying timing resolution. The curves with λ, ν, υ, and σ symbols are for 200ps TOF,
300ps TOF, 600ps TOF, and Non-TOF scanners, respectively. The crystal size for these
simulations was 1×1×10-mm3.
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Figure 8.
SNR values vs. scan time for lesions 1 (a, b, and c) and 3 (d, e, f) for a 200ps (a and d), 300ps
(b and e), and 600ps (c and f) timing resolution TOF scanner. In each plot, for comparison, the
results from a full ring Non-TOF scanner are also shown with the solid line and filled σ symbol.
The solid lines with filled symbols, solid lines with open symbols, and dotted lines with open
symbols are for the full, 2/3, and ½ ring TOF scanners, respectively. All results are for the 10-
cm diameter cylindrical phantom. Results are only shown for those images that were deemed
relatively artifact-free. The crystal size for these simulations was 1×1×10-mm3.

Surti and Karp Page 15

Phys Med Biol. Author manuscript; available in PMC 2009 February 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Surti and Karp Page 16

Table 1
Absolute sensitivity for different scanner geomtries with varying timing resolutions for TOF imaging. The geometric
sensitivity is calculated for a point source placed at the center of the scanner. Numbers are relative to a full ring Non-
TOF scanner.

Timing resolution (ps) D/Δx Relative geometric
sensitivity

Relative absolute
sensitivity

full ring

200 3.3 1.0 3.3

300 2.2 1.0 2.2

600 1.1 1.0 1.1

2/3 ring

200 3.3 0.44 1.5

300 2.2 0.44 1.0

600 1.1 0.44 0.5

½ ring
200 3.3 0.25 0.8

300 2.2 0.25 0.6
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