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Abstract

We propose a Cylindrical Breast PET (CYBPET) system for breast imaging with patients in the prone position. An
individual pendulous breast is covered by thin plastic to provide reduced pressure fixation and surrounded by the
crystals inside the CYBPET ring. Each breast is imaged separately. The rest of the body is shielded properly to minimize
the contribution of scattered photons from the other breast and the rest of the body. To compare the CYBPET with
whole-body PET (WB-PET) the simulations of CYBPET and a WB-PET (GE-Advance) for a 10 mm tumor inside the
breast with a lesion to background (breast) activity concentration of 6 to 1 were made. The noise effective count rate
(NECR) of CYBPET is about twice that of WB-PET at activity concentrations less than 3.1 uCi/cc. The spatial
resolution of CYBPET is better by 25% than the WB-PET.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

- Breast cancer represents the most frequent
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. leading cause of cancer death in industrialized
(31485-498), Karaj, Iran. Fax. +982614411106. ; . . .
E-mail address: akarimian(@nrcam.org countries and in Iran. The disease is often curable
(A. Karimian). when detected in early stages [1,2]. Therefore, early
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diagnosis which significantly improves the 5-year
survival rate, is very important in the successful
treatment [3]. Mammography and physical breast
examination, both non-invasive techniques, pro-
vide the two most effective methods available for
screening potential breast cancer patients. The
main limitation of X-ray mammographic methods
is their low specificity (not differentiating between
benign and malignant lesions). This requires one
of several invasive techniques such as core biopsies
or lumpectomy to be performed in order to
determine the stage or malignancy of the disease
[4,5]. Each of these techniques is economically and
psychologically burdensome, especially if these
exams demonstrate they were not necessary. It
has been shown that, because of the limited
specificity of mammography for non-palpable
cancers, between 70-90% of excisional biopsies
performed on these kinds of tumors were unne-
cessary because they were benign [6].

Positron Emission Tomography (PET), using
[F-18] fluoro-deoxyglocose (FDG) as the tracer
and whole-body clinical scanners, has been shown
to be highly sensitive and specific in functional
studies of breast cancer and may be a cost-effective
alternative to invasive procedures under certain
circumstances [4]. However, conventional WB-
PET systems have several shortcomings for breast
imaging related to the general purpose nature of
these systems. (I) In WB-PET scanners, the
detectors are typically 20-30cm away from the
breast or axilla and this reduces their sensitivity
[7]. (I) The patient’s torso is between radioactive
sources in the breast cancers and the PET
detectors for most views over a complete 360°
and therefore patient torso is the fundamental
attenuator for breast images in WB-PET scanners.
(IIT) Higher uptake in myocardium and liver than
in breast cancers may contaminate breast cancer
images because of Compton scattered events.

To overcome these limitations and improve the
overall diagnostic quality of breast cancer images,
a number of research groups, have worked on
dedicated Gamma Cameras and PET systems for
breast imaging [5-17]. Some of these dedicated
systems such as the PEM-flex (PET Systems,
Rockville, MD USA) [18] and SPEM [14] are used
clinically at present. However, most of these

dedicated systems, in spite of their advantages,
have small field of view (FOV) and/or cannot
work in tomography mode. Also some of them
cannot be used for the patients under radio-
therapy, or after breast surgery. Therefore, we
propose the use of CYBPET system for breast
imaging for patients in the prone position [19].

2. Materials and methods

The CYBPET consists of 6912 bismuth germa-
nate (BGO) crystals (3.0 mm transaxial by 5.0 mm
axial by 20mm radial) which are grouped in
detector blocks of 8 x 8 crystals each, with 32 rings
and a transaxial and axial FOV of 17.0cm with a
ring diameter of 22cm (Fig. 1). A 20cm port
diameter (suitable for almost all adult female
breast sizes) surrounds an individual pendulous
breast which is under mildly reduced pressure
within a thin flexible plastic membrane. A vacuum
pump will fix the pendulous breast in the center of
FOV. The rest of the body is shielded properly to
minimize the contribution of scattered photons
from the other breast and the rest of the body. For
this reason the bed is covered by a 3mm lead
shield. In order to prevent the cross talk between
the block detectors, each detector unit was
separated from the adjacent one by lead and
kovar. The crystals are coupled directly and
viewed by avalanche photodiodes (APD). APDs
have some advantages which make them attractive
for high-resolution PET systems, such as, their
high detection quantum efficiency (i.e. converting
the scintillation light into electrons), their compact
physical size which allows a high packing fraction
of small discrete detector elements for high-
resolution imaging and potentially lower cost.
However, APDs need strict control of both bias
voltage and operating temperature. They also
require individual fast, high gain, low-noise pre-
amplifiers [13,20].

To assess a number of performance character-
istics and breast imaging of this system with a
currently available conventional WB-PET system
(GE Advance, GEMS, Milwakee WI) whose
performance characteristics were available to us,
we used the Monte Carlo simulation programming



A. Karimian et al. | Nuclear Instruments and Methods in Physics Research A 545 (2005) 427-435 429

package: “PETSIM”™ [21-23]. These programs
simulate the source fluence, then the events which
pass the collimator, and finally those rays which
are detected in separate files all of which must co-
exist on one 2GB disk. Each y-ray requires
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Fig. 1. Top (a) and front (b) views of CYBPET. The black-
ening is proportional to the linear attenuation coefficient of
materials.

Table 1
Standard settings for WB-PET and CYBPET

20 bytes of storage. The simulation data files
consist of blocks containing 256 vy-rays, or
5.12Kbytes. Generally, in simulation programs,
higher numbers of simulated counts give the better
precision and signal to noise ratio and image
quality because of lower statistical noise. There-
fore, to reduce the effects of statistical on the
output results of simulations in this research, the
maximum number of output blocks which could
be saved (i.e. 100,000 blocks) was used for y-ray
history file (GRH) of “phantom’ program and for
the other programs in PETSIM namely “‘collima-
tor” and ‘‘detector” the GRH files were selected
proportional to this maximum number of blocks.

The standard settings which were considered for
CYBPET and WB-PET (GE-Advance) are as in
Table 1.

The published data on the performance of PET
scanners does not match the scanning geometry
which is being proposed here. However, when the
performance of new PET scanners is first reported,
it is often done by reference to a standard
phantom proposed by the National Electrical
Manufacturers Association of the USA (NEMA).
In order to calibrate the simulation results for
breast imaging, we first simulated the performance
of the WB-PET with a NEMA phantom. The
NECR was estimated over a range of activity
concentration and compared with published data
from DeGrado et al. [21].

These two systems, CYBPET and GE-Advance
WB-PET, were then assessed and compared with
each other for breast imaging. For this purpose the
breast was simulated by a cylinder (13 cm diameter
by 16 cm length). Lesions with various sizes can be
assumed anywhere inside the breast. As an
example a 10mm cylindrical lesion was assumed
very close to surface of the breast. This has been
shown for CYBPET and WB-PET in the Fig. 2

PET scanner Coincidence window (ns)

Dead time (us)

Energy resolution (%)  Energy discriminator (keV)

Lower level Upper level
WB-PET (GE-Advance) 12.5 3.6 20 300 650
CYBPET 12.5 3.6 20 400 650
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Fig. 2. Top (a) and front (b) views of CYBPET. A 10 mm
lesion has been located very close to the skin of breast inside the
breast phantom. The blackening is proportional to the source
intensity.

and Fig. 3, respectively. This 10mm lesion was
located at radiuses of 5.9 and 16.8cm from the
geometric center of CYBPET and WB-PET,
respectively. The center of lesion was 6 mm from
the breast skin in both systems. A lesion to soft
tissue (healthy breast) activity concentration of 6
to 1 was used in our simulation. This is the same
contrast found by other authors, for example:
Murthy et al. [3], Freifelder and Karp [5] and
White et al. [11].

The body was simulated by six nested cylinders,
of which the biggest, has the dimensions of (35cm

SOURCE INTENSITY 100%

40%

Fig. 3. Activity distribution inside the body phantom with a
10mm lesion very close to the skin of breast in the WB-PET
system. The blackening is proportional to the source intensity.

diameter by 24 cm length) by taking account the
effects of scatter and accumulated activity related
to the thorax and its tissues such as heart. The
myocardium was modeled as a cylindrical shell
with inner and outer radius of 3.26 and 4.26 cm,
respectively, with the approximate volume of
200 cc. The activity concentrations in the heart,
lesion, lungs and all other healthy soft tissues are
in the ratio of: (15:6:2:1) in the body phantom.'
The breast imaging simulation with a lesion size
less than 10mm with the mentioned lesion to
background (breast) activity concentration was
impossible with the WB-PET system in the
simulation study, because in this case, less than
0.01% of annihilations would have occurred in the
lesion and the lesion would be rejected by the
simulation program.

'The activity concentration of (15:1:1) for (Heart: Breast (soft
tissue): chest) has been used by Singh et al. [15] and also activity
concentration of (15:1) for (Heart: Breast (soft tissue)) has been
used by Wang et al. [16] for Tc-99m (Sestamibi) distribution.
Because both of FDG and Tc-99 m (Sestamibi) are the normal
choices for heart and breast imaging and the ratio of uptake is
used, so the uptake ratio of 15 has been used in our study too.
Also there are tissues with high uptake (liver) and some large
volumes such as lungs inside the thorax so the average uptake
ratio of two was used for lungs which take a considerable
volume of thorax.
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In order to estimate the spatial resolution of the
new scanner, CYBPET, relative to a WB-PET
system in the 3D mode, we again used PETSIM.
The resolution module in PETSIM works best
when a uniform source is used, as opposed
to several very small sources which would be
most accurate in a real experiment [22]. The
program knows the location of each positron
emitting nucleus, and can estimate the normal
distance between the line of response correspond-
ing to that joining the centers of the two crystals in
which the annihilation photons interact and the
location of the nucleus. In this case we assumed
g positrons, non-collinearity of 0.5°, and divided
the field into five radial bins. For this purpose the
air cylinders with diameters of 17 and 50 cm were
simulated inside the CYBPET and WB-PET
respectively to cover the entire imaging FOV of
both systems. The mean radii of the bins were:
0.85, 2.55, 4.25, 5.95, 7.65cm for CYBPET and
2.5, 7.5, 12.5, 17.5, 22.5cm for WB-PET. The
resolution measurements were done for both
systems by including the effects of both positron
range and annihilation photon non-collinearity.
We also estimated the advantages of radial
subdivision of the crystals into three separate
equal layers in both CYBPET and WB-PET
scanners. This ability promises to be more
precise for the measurements as mentioned in the
Ref. [23].

Finally, the CYBPET was simulated by chan-
ging the crystal from BGO to lutetium oxy-
orthosilicate (LSO) with the same dimensions as
BGO, to assess the benefits of using faster crystals
in the CYBPET. The potential advantage of LSO
compared to BGO is its much higher light output
(approximately a factor of four) and shorter
(about a factor of seven) primary pulse decay
constant (40 versus 300 ns). A potentially negative
quality of LSO is the presence of Lu-176, which
emits electrons (average emission energies of
50keV) and a number of y-rays (energies range
from 88 to 401 keV) [24,25].

The coincidence resolving and signal integration
times assumed for BGO were 12.5 and 300 ns and
for LSO from 1 to 6 and 50 ns, respectively. For
this study, a lucite cylinder phantom with the
dimensions of  (input diameter = 14 cm,

length = 14cm) was used because of the port
diameter of CYBPET.

3. Results

In Fig. 4, for the whole-body scanner in the 3D
mode, the NECR curve from the simulation has
been plotted. It is compared with the experimental
values published by DeGrado et al. [21]. These
curves show a maximum of 202 (159) kcps at the
same activity concentration, i.e. 0.65 uCi/cc. This
result shows a relative difference of about 27% for
NECR (max) between simulation and experimen-
tal study. This discrepancy is probably due to the
differences in actual discriminator settings and
energy resolution which are present in individual
detectors in a real PET scanner.
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Fig. 4. NECR curve for WB-PET (GE-Advance) by using a
standard lucite cylindrical phantom (20 cm ID, 18.5cm length),
Simulation result (a) and experimental results for 3D and
2D (High Sensitivity) modes reproduced from DeGrado
et al. [21] (b).
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Fig. 5. NECR curves for breast imaging with a 10 mm diameter
lesion located very close to the skin of breast for both WB-PET
and CYBPET systems.

The NECR curves for breast imaging with a
10mm diameter lesion located very close to the
skin of breast are presented in the Fig. 5 for both
WB-PET and CYBPET systems. This position of
lesion is the best case for WB-PET.

Comparison of systems-averaged NECR curves
shows this index to be higher for CYBPET than
for WB-PET at radioactivity concentrations under
7.1 uCi/cc. At radioactivity concentrations below
3.1 uCi/cc, the CYBPET NECR is approximately
twice as high than WB-PET. The maximum
NECR for CYBPET (WB-PET) are 237 (117) keps
at a radioactivity concentration of 1.8 (2.6) uCi/cc
which indicates the NECR (max) of CYBPET
is occurred in a less activity concentration than
WB-PET.

Furthermore, the coincidence efficiency for
unscattered y-ray pairs of both systems has been
assessed by PETSIM. The efficiency was simulated
as 692 and 387 (kcps/uCi/cc) for CYBPET and
WB-PET systems, respectively.

The CYBPET was also simulated in the detec-
tion of lesions with different dimensions from 5 to
20 mm inside the breast. These lesions were located
both in the center of breast and very close to the
skin of breast in a distance of 1 mm from the skin.
The relative coincidence efficiency and maximum
NECR, are presented in Table 2 for lesions in the
center and near the edge of the breast as a function
of lesion size. The results in this table show the
sensitivity and NECR are not highly dependent on

Table 2
The relative sensitivity and maximum NECR for lesions in the
center and near to breast skin as a function of lesion size

Lesion size Sensitivity ratio of
(mm) Lesion (close to skin/
in the center)

NECR (max) ratio
of lesion (close to
skin/in the center)

5 1.00 1.00
8 0.99 0.99
10 0.99 0.99
12 1.00 1.00
15 1.00 1.00
17 1.00 1.00
20 1.00 1.01
57  -e- Tangential CYBPET
481  —=— Radial CYBPET
4.6 —a— Tangential WB-PET
444 — Radial WB-PET
4.2 1 ="
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Fig. 6. Radial and tangential components of spatial resolution
for CYBPET and WB-PET by simulation. T1 and T2 shows the
position of lesions in the (Figs. 2 and 3). Each point represents
the average simulated FWHM in a region within +0.85 for
CYBPET and +2.5c¢cm for WB-PET

the position of the lesion inside the breast for
CYBPET scanner. This suggests that in this
scanner attenuation correction may not be neces-
sary for lesion detection.

Assessment of resolution for WB-PET and
CYBPET is presented in Fig. 6. The curves show
the minimum resolution (FWHM) for both
CYBPET and WB-PET as 2.8 and 3.8mm,
respectively. The locations of the simulated lesions
(from the results in Figs. 2 and 3) have been
identified with arrows (T1, T2) in Fig. 6. The
marked points show the FWHMs of 3.2 and 4 mm
for CYBPET and WB-PET, respectively. The
resolution curves show the superior spatial
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Fig. 7. NECR of CYBPET with BGO (dead time 3.6 us) and
LSO (dead time 0.5 ps) crystals with different resolving times by
a cylindrical phantom.

resolution of CYBPET against WB-PET over its
full FOV. For instance, the resolution of CYBPET
is about 80% of WB-PET for about 70% of its
FOV.

The benefits of the substitution of LSO instead
of BGO crystals are shown in the Fig. 7.

These curves show, the NECR (max) will
increase from 250kcps for BGO with resolving
time of 12.5ns and integration time of 300ns to
821, 975, 1228, 1435keps for LSO with resolving
times of 6, 4, 2, 1 ns, respectively, and an integration
time of 50ns. The dead time was assumed 3.6 and
0.5 ps for BGO and LSO, respectively.

The full benefits of the substitution of BGO by
LSO are not considered in this simulation.
PETSIM can track until the y-ray detection, but
not the propagation of the light within the crystals.
Since there is much more light available from
LSO, the crystals in each block are better
identified, so fewer decoding errors can be
expected. Also because the LLD of CYBPET
was chosen equal to 400keV the additional
emitted y-rays due to existence of Lu-176, i.e. y-
rays with energy from 88 to 401 keV, were ignored
in our study.

4. Conclusion

We have shown that new scanner, CYBPET, has
the ability to yield improved image quality for

breast imaging over WB-PET systems because of
better resolution, sensitivity and NECR. The
NECR is much better at low activity concentra-
tion. For example, the NECR of CYBPET was
about twice that of the WB-PET at an activity
concentration of less than 3.1 uCi/cc for a 10 mm
lesion. It has been shown that [26,27] in the breast
and breast tumors there is not high blood flow and
metabolism and therefore low activity concentra-
tion, so a relative high NECR in the low radio-
activity concentration is very important for
detection of small tumors. Also this system does
not need attenuation correction for breast imaging
therefore, the scan time and total patient dose will
be reduced accordingly. Furthermore, minimiza-
tion of the volume and number of detectors and
related electronics reduces the price of the system
and the cost of a patient scan. Also, in comparing
CYBPET with other PEM systems, the two most
conventional PEM systems have two parallel
planes and rectangular geometries. In comparison
the CYBPET with two parallel planes, the
CYBPET has more sensitivity because of its whole
360° coverage that will reduce the scan time (or
increase patient frequency) and or the injected
dose which can compensate the increased price of
CYBPET in a duration of time. Furthermore, it
has been shown that [28] the images from the
parallel plane PEM will suffer from some blurring
or degraded spatial resolution, because of the large
gap in the angular coverage.

In comparison to the proposed system with the
rectangular geometry, both have full coverage of
angle, and CYBPET would have a little initial
higher cost because of more detectors, but it has
suitable FOV for whole breast imaging in a
reduced time to cover most of the female popula-
tion and does not have a dead zone. Also the
prone position for the patient is more comfortable
than the mammography scan position. This is
important since PEM scans take more time than
mammography. It is quite uncomfortable for the
patient to be in a mammography position for a
considerable time. Furthermore, because the CY-
BPET has similar geometry to that of WB-PET, it
has the potential of using similar image recon-
struction techniques and as those used in WB-
PET. This should provide more accurate imaging
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than the other dedicated instruments for PEM
because of more than 15 years experience behind
these methods. Furthermore, we believe that
clinical diagnosis is more difficult as tumor has
irregular shape and its position is usually unknown
in an incompletely uniform background of breast.
At present the new system has not yet been
constructed, so it is not possible to show its
optimal role completely. However, the simulation
results are promising, and we believe the detector’s
geometry is very favorable in this application.
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