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Abstract—Positron emission mammography (PEM) of F-18

fluorodeoxyglucose (FDG) uptake in breast tumors with
dedicated detectors typically has been accomplished with two
planar detectors in a fixed position with the breast under
compression. The potential use of PEM imaging at two detector
positions to guide stereotactic breast biopsy has motivated us
to use PEM coincidence data acquired at two or more detector
positions together in a single image reconstruction. Multiple
angle PEM acquisition and iterative image reconstruction
were investigated using point source and compressed breast
phantom acquisitions with 5, 9, 12 and 15 mm diameter
spheres and a simulated tumor:background activity
concentration ratio of 6:1. Image reconstruction was
performed with an iterative MLEM algorithm that used
coincidence events between any two detector  pixels on opposed
detector heads at each detector position. This present study
compared two acquisition protocols: 2 angle acquisition with
detector angular positions of -15 and +15 degrees and 11
angle acquisition with detector positions spaced at 3 degree
increments over the range -15 to +15 degrees. Three-
dimensional image resolution was assessed for the point
source acquisitions, and contrast and signal-to-noise metrics
were evaluated for the compressed breast phantom with
different simulated tumor sizes. Radial and tangential
resolutions were similar for the two protocols, while normal
resolution was better for the 2 angle acquisition. Analysis i s
complicated by the asymmetric point spread functions. Signal-
to-noise vs. contrast tradeoffs were better for 11 angle
acquisition for the smallest visible 9 mm sphere, while tradeoff
results were mixed for the larger and more easily visible 12
mm and 15 mm diameter spheres. Additional study is needed to
better understand the performance of limited angle
tomography for PEM. PEM tomography experiments with
complete angular sampling are planned.

I. INTRODUCTION

unctional metabolic imaging of breast tissue and
carcinomas with F-18 fluorodeoxyglucose (FDG) has

been performed with positron emission tomography (PET)
[1-4] and now positron emission mammography (PEM) with
dedicated detectors is being investigated as a way of imaging
increased FDG uptake in breast tumors [5-7]. These special
purpose detectors can improve coincidence detection
sensitivity by being positioned near the breast and by
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eliminating high attenuation raypaths through the torso. They
also may have smaller crystals than general purpose whole
body PET scanners and have the potential to improve
detection, visualization and localization of small tumors.

PEM acquisition typically has been accomplished with
two planar detectors in a fixed position with the breast under
compression [8, 9], though other imaging devices and
geometries also have been proposed [10-15]. Recently we
have investigated breast imaging with a single detector
position [16] and the potential use of PEM imaging at two
detector positions to guide stereotactic breast biopsy [17].
This latter work has motivated us to consider how the
acquired PEM coincidence data from two or more detector
positions could be used together in image reconstruction. In
this contribution we investigate multiple angle PEM
acquisition and image reconstruction with experimental PEM
acquisitions of point sources and a compressed breast
phantom. Three-dimensional image resolution was assessed
for the point source acquisitions, and contrast and signal-to-
noise metrics were evaluated for the compressed breast
phantom with different simulated tumor sizes.

II. METHODS

A. Data acquisition
Experimental acquisitions were made with point sources

and a compressed breast phantom with simulated spherical
tumors in order to evaluate the resolution, contrast and
signal-to-noise characteristics for two acquisition protocols.
For the first protocol, coincidence data were acquired with the
detector at two orientations: +15 and -15 degrees with respect
to the plane containing a cross pattern of small beads or the
plane containing the compressed breast (Figure 1). These
correspond to the fixed angular positions of the X-ray
detector in a stereotactic breast biopsy system (LORAD,
Danbury, CT). For the second protocol, coincidence data
were acquired with the PEM detector at 11 angular positions
spaced at a 3 degree increment from -15 degrees to +15
degrees. Rotation was accomplished by placing the point
sources or phantom on a rotation stage, whose axis of
rotation was parallel to the detector surfaces and midway
between the detectors (Figure 2). For clinical acquisitions the
compressed breast would be stationary and the PEM detector
would rotate.

List-mode coincidence data were acquired with a dual
detector gadolinium oxyorthosilicate (GSO) PEM system.
Each detector head was built with a 30 x 30 array of 3.1 x
3.1 x 10 mm3 GSO crystals (Hitachi, Inc.) with a crystal
pitch of 3.3 mm; the field of view was 10 cm x 10 cm. A
one cm thick acrylic light guide coupled the crystals to a 4 x
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Figure 1. Diagram of the PEM detector orientations with respect to the
compressed breast phantom.

Figure 2. PEM detectors (right and left) and the gelatin compressed breast
phantom on a rotation stage (center).

4 array of Hamamatsu R5900-C8 position-sensitive
photomultiplier tubes. Data acquisition was under the control
of software developed using the KMAX development system
(Sparrow, Inc.) running on an Apple Macintosh G4
computer. For a complete system description see [16].

A series of acquisitions was made with ceramic beads, each
approximately 2 mm in diameter, that had been soaked for 5
min in a 7.4 MBq/ml (200µCi/ml) solution of F-18. Nine
beads were arranged in a cross pattern, with four beads 2 cm
from the center bead and an additional four beads 4 cm from
the center bead. The plane containing the cross was parallel to
the detector head surfaces at a rotation angle of zero degrees.
List mode data were acquired for two minutes at each of -15
and +15 degree camera positions, and then for 30 sec at each
of 11 angles with camera positions from -15 to +15 degrees.
The separation between the surfaces of the detector heads was
20 cm, modeling the separation for stereotactic core biopsy.

A compressed breast phantom was made by forming a 4
cm thick gelatin block with an F-18 activity concentration of
3.40 kBq/ml (0.092 µCi/ml). Four spheres with diameters 5,
9, 12 and 15 mm were filled with an F-18 solution and
placed within the gelatin block. The activity concentration in

the spheres was 20.4 kBq/ml (0.55 µCi/ml), for a simulated
tumor:background activity concentration ratio of 6:1. The
phantom was positioned midway between the detectors,
which again were 20 cm apart. There were two acquisition
sequences, each for a total duration of five minutes. For the
first acquisition, data were acquired for 150 seconds at +15
and -15 degrees (Figure 1). For the second acquisition, data
were acquired for 27 sec/angle at each of 11 equally spaced
angles (3 degree increment) between -15 and +15 degrees.

In order to determine the center of rotation of the
imaging system, coincidence data were acquired for a line
source filled with F-18 with the PEM detector at 18 angles
(20 degree increment) over 360 degrees. The center of rotation
shift was determined to be 1 mm by analyzing several test
images reconstructed using the iterative algorithm described
in the following section.

B. Image reconstruction
Coincidence events along each line of response (LOR)

were tallied from the list-mode data and then images were
reconstructed using a variation of the maximum-likelihood
expectation-maximization (MLEM) algorithm [18]. A single-
angle implementation of MLEM for PEM [19, 20] can be
trivially modified to allow image reconstruction using LORs
from different detector orientations simultaneously:
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where s j
n  is the amplitude of source voxel j at iteration n;

cmij  is the system matrix element characterizing detection of

a true coincidence event for LOR i at camera angle m from
activity in source voxel j; and Lmi  is the number of true
coincidence events detected for LOR i at camera angle m.

For the noisy PEM coincidence data of this contribution,
image reconstruction was performed using the approach in
[13]. In brief, the maximum a posteriori (MAP) MLEM
method [21] was used, in which an additional Gaussian prior
is employed to suppress image noise at higher iterations.
This yields the log likelihood function
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where γ is a weighting factor. The matrix H was chosen to be
the identity matrix, yielding the update formula
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A. 2 Angles

    

B. 11 Angles

   

Figure 3. Reconstructed image slices through the cross arrangement of the
point sources for (a) two angle (-15 and +15 degrees) and (b) multiple
angle (11 angles between -15 and +15 degrees) PEM acquisitions. The
profiles are through the central row of point sources.

A. 2 Angles

   

B. 11 Angles

   

Figure 4. Reconstructed image slices of the point sources for (a) two angle
(-15 and +15 degrees) and (b) multiple angle (11 angles between -15 and
+15 degrees) PEM acquisitions. (Left) image plane normal to the cross
pattern and parallel to the rotation axis and (right) image plane normal to
the cross pattern and normal to the rotation axis.

A. –15 Degrees Only B. +15 Degrees Only

   

Figure 5. Reconstructed image slices of the point sources for (a) single
angle (-15 degrees only) and (b) single angle (+15 degrees only) PEM
acquisitions. These image slices are from planes normal to the cross pattern
and normal to the rotation axis.
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Figure 6. Point source resolutions (FWHM) (a) radial in the plane
containing the sources, (b) tangential in the plane containing the sources
and (c) normal to the plane containing the point sources (i.e. normal to the
detector face at 0 degree rotation angle).

One iteration of equation (1) was performed with a uniform
starting source model. The result from this first iteration was
used as the source vector q for further iterations with equation
(3). A γ  value of 0.01 was used in the reconstructions for
regularization.

Coincidence data from all LORs were used in the image
reconstructions with no correction for randoms or scatter. An
energy window of 400-700 keV was used. Note that for the
acquisition geometry of this experiment, coincidence data at
just a single detector position yields LORs spanning an
angular range of 2×tan(10/20)=54 degrees in a plane
perpendicular to the rotation axis for a point on the rotation
axis.
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A. 2  angle

  

  

B. 11 angle

  

  

Figure 7. Reconstructed image slice through the simulated breast phantom
tumors for (a) two angle (-15 and +15 degrees) and (b) multiple angle (11
angles between -15 and +15 degrees) PEM acquisitions. The image on the
left is from two iterations and the image on the right from six iterations of
the MAP MLEM algorithm. Horizontal profiles through the largest 15 cm
diameter sphere are shown. The 12 and 9 mm diameters spheres can be
seen easily but the 5 mm diameter sphere is not visible.

The voxel size in the reconstructed images was 1.65 mm,
which is half of the pitch of the detector pixels. The three-
dimensional image volume was a cube 60 voxels on a side.
Ten iterations were performed for image reconstructions using
coincidence data from: 1) -15 degrees and +15 degrees
detector orientations only and 2) the 11 equally spaced angles
between -15 and +15 degrees. In addition, some illustrative
images were reconstructed using coincidence data from -15
degrees only and +15 degrees only.

C. Image analysis
For the point source phantom, resolution was measured in

three orthogonal directions: radially and tangentially in the
plane containing the point sources and normal to this plane.
A Gaussian curve was fit to profiles through the point
sources and the full-width at half-maximum (FWHM) was
computed.

A. 2  angle

  
B. 11  angle

  
Figure 8. Reconstructed image slices through the 12 mm diameter sphere
for (a) two angle (-15 and +15 degrees) and (b) multiple angle (11 angles
between -15 and +15 degrees) PEM acquisitions. The image slice is
parallel to the rotation axis and normal to the detector surface at 0 degrees.
(Left) two iterations and (right) six iterations.

A. 2  angle

  
B. 11  angle

  
Figure 9. Reconstructed image slices through the 12 and 15 mm diameter
spheres for (a) two angle (-15 and +15 degrees) and
(b) multiple angle (11 angles between -15 and +15 degrees) PEM
acquisitions. The image slice is normal to the rotation axis and normal to the
detector surface at 0 degrees. (Left) two iterations and (right) six
iterations.

For the breast phantom, regions of interest (ROIs) were
drawn within the visible simulated tumors (T) and in
adjacent background regions (B) in the slice of maximum
tumor intensity. The mean and standard deviation of the
voxel values within each ROI were computed. Tumor
contrast was calculated using the formula C=(T-B)/B and the
signal-to-noise ratio was computed using the formula
SNR=(T-B)/σ(B). The analysis was automated so that these
quantities were computed at each iteration.
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Figure 10. Signal-to-noise ratio vs. contrast as a function of iteration for the
different spheres in the compressed breast phantom. The value at each
iteration is indicated; iteration 1 has the least contrast for each curve.

III. RESULTS

A. Point source phantom
The point source resolutions stabilized after a few

iterations and results are presented here for six iterations.
Image slices through the plane containing the point sources
are similar for the 2 angle and 11 angle acquisitions (Figure
3) and this is reflected in similar values for radial and
tangential resolution (Figure 6a,b). Images normal to the
plane containing the cross are also similar (Figure 4), though
the resolution normal to the cross is poorer for the 11 angle
acquisitions (Figure 6c) and streak artifacts are more obvious
for the 2 angle acquisitions (Figure 4a). Image
reconstructions using coincidence data from only a single
angle show that resolution is degraded in a direction normal
to the detector surfaces (Figure 5).

B. Compressed breast phantom
Slices through the reconstructed image volumes show that

the 15, 12 and 9 mm diameter spheres are easily visible
(Figure 7), while the 5 mm diameter sphere cannot be
visualized. The effect of blurring normal to the detectors can
be seen in Figures 8 and 9. Some angular streak artifacts can
be seen in Figure 9, which are slices perpendicular to the
rotation axis and normal to the detector surface at 0 degrees.

A plot of the signal-to-noise ratio vs. contrast as a
function of iteration is displayed in Figure 10. For the 15
mm and 12 mm diameter spheres contrast increases with
iteration while SNR increases then decreases for both 2 angle
and 11 angle acquisitions. The greatest SNR for the 15 mm
diameter sphere is achieved with 11 angle acquisition while
the SNR is greatest for the 12 mm diameter sphere with 2
angle acquisition.

The variation of SNR and contrast is simpler for the
smaller 9 mm diameter sphere, where for both 2 angle and 11
angle acquisitions the SNR trend is decreasing with iteration
while the contrast increases. At equal contrast, the SNR is
always greater for the 11 angle acquisition than for the 2
angle acquisition.

IV. DISCUSSION

Limited angle tomography can be accomplished using
coincidence data from two or more PEM detector positions.
At each detector position there is a range of angles for which
LORs pass through the source region, since LORs between
any two detector pixels on opposite detector heads are used in
image reconstruction. Sampling of the source region is more
dense and complete as the number of detector positions
increases.

The tangential and radial resolutions are about the same
for the two angle (-15 and +15 degrees) and eleven angle
(uniform at a 3 degree increment between -15 and +15
degrees) acquisitions. The normal resolution is less for the 2
angle acquisition than for the 11 angle acquisition. The
reason for this result can be seen in Figure 4. For the 2 angle
reconstruction and image planes normal to the rotation axis,
there are tails that can be seen at approximately +15 and -15
degrees from the vertical, whereas for the 11 angle acquisition
there are tails at each of the 11 angles that fuse into a
continuous blur. This blur extends in the vertical direction,
causing normal resolution at the center of the point sources to
be worse for the 11 angle case than for the 2 angle case.
Caution must be taken when interpreting FWHM values for
these asymmetric point spread functions.

The signal-to-noise vs. contrast tradeoffs for the 11 angle
acquisition have an advantage over those for the 2 angle
acquisition for the smallest visible 9 mm diameter sphere
(Figure 10). For the two larger spheres, the 2 angle
acquisition has the advantage for the 12 mm sphere, while
the tradeoff curves cross for the 15 mm tumor. Additional
work is needed to better understand these tradeoffs for
different simulated tumor sizes.

With either acquisition protocol, resolution normal to the
detectors is poor. Stereotactic localization of point sources by
projecting rays from their centers at two different views has
an accuracy of approximately one mm [17] and it is unlikely
that this can be improved upon by the use of images from
three-dimensional limited angle tomographic reconstruction
for the acquisition parameters of this experiment. Tumor
localization might be improved if a suitable compactness
prior for focal source activity were incorporated into the
iterative reconstruction algorithm.

V. CONCLUSIONS

Multiple angle PEM acquisition and iterative image
reconstruction have been investigated using point source and
compressed breast phantoms. This particular study compared
2 angle and 11 angle acquisitions over a detector range of -15
to +15 degrees. Radial and tangential resolutions were
similar for the two methods, while normal resolution was
better for the 2-angle acquisition. The point spread functions
were asymmetric for both cases, however, and so the FWHM
values must be treated with caution. For the smallest visible
9 mm sphere, signal-to-noise vs. contrast tradeoffs were
better for 11 angle acquisition while tradeoff results were
mixed for the larger and more easily visible 12 mm and 15
mm diameter spheres. Additional study is needed to better
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understand the performance of limited angle tomography for
PEM. Future work will include PEM tomography with
complete angular sampling.
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