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Abstract

Background: One of the limiting factors in achieving the best spatial resolution in positron emission tomography (PET), especially in small-
animal PET, is the positron range associated with the decay of nuclides, and usual PET image reconstruction algorithms do not provide a
correction for the positron range. This work presents initial results obtained with the maximum a posteriori (MAP) algorithm, which has been
developed to include an accurate model of the camera response, the Poisson distribution of coincidence data and the fundamental physics of
positron decay including the positron range.

Methods: Phantoms were imaged with three positron emitting isotopes of Cu (®°Cu, ®'Cu and ®*Cu), and mice and rats were imaged with
two radiopharmaceuticals labeled with these isotopes in a microPET-R4 camera. These isotopes decay by positron emission with very
different end-point energies resulting in wildly different spatial resolutions. Spatial resolution improvement and image quality offered by the
MAP algorithm were studied with the line source phantom and a miniature Derenzo phantom. In addition, three mice and three rats were
sequentially injected over a 48-h period with Cu-pyruvaldehyde bis(N*-methylthiosemicarbazone) (for blood flow to organs) and
Cu-1,4,7,10-tetraazacyclododecane-1,4,7-tri(methanephosphonic acid) (for bone imaging) labeled with the said three isotopes of Cu.
Results: The line source experiment showed that comparable spatial resolution is possible with all three isotopes when using the positron
range correction in MAP. The in vivo images obtained from ®°Cu and ¢'Cu and reconstructed with 2D filtered back projection algorithms
provided by the camera manufacturer show reduced clarity due to degraded spatial resolution arising from the extended positron ranges as
compared with ®*Cu. MAP reconstructions exhibited a higher resolution with clearer organ delineation.

Conclusion: Inclusion of a positron range model in the MAP reconstruction algorithm may potentially result in significant resolution
recovery for isotopes with larger positron ranges.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction measurement of a radiotracer in vivo. Quantitative PET has
been established for a few standard radionuclides such as
18F, 11C, 3N and P O; in addition, with the advent of novel
nonstandard positron-emitting nuclides, new radiopharma-
ceuticals can be labeled, new biologic pathways can be
imaged and quantitative measurement of activity concen-
tration can be performed noninvasively and repeatedly.
High-resolution PET cameras have been developed for the
imaging of small animals, and this technology is increas-
ingly used in drug discovery and development [1].

A wide range of biologic processes can be studied using
positron emitting nuclides attached to biologic compounds
and positron emission tomography (PET). A great advan-
tage of this technique is its ability to provide quantitative
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However, many of the novel nuclides decay with the
emission of high-energy positrons that travel for a long
distance in tissues before annihilating and thus produce
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Table 1
Cu radionuclide decay properties

Radionuclide  Half-life

Percentage ~ Maximum  Average positron

positron B energy range (mm)
decay (%)  (MeV)

0cu 237 min  92.5 3.772 3.09

Icu 3333h 615 1.215 1.32

%4Cu 12.7 h 17.4 0.653 0.57

The average positron ranges were calculated from EGS4 simulation in
soft tissue.

images with degraded spatial resolution. In particular, high-
resolution PET images will be greatly degraded and a
positron range correction is necessary to improve resolution
and contrast when imaging with such isotopes is performed.

Over the past several years, PET has undergone a very
rapid development due to reasons such as technological
development, the multitude of new tracer substances
available, the clinical acceptance of the imaging modality
and the Medicare reimbursement of FDG-PET for human
use. However, only a few radiopharmaceuticals labeled with
nonstandard nuclides have been investigated in humans. At
the Washington University School of Medicine, nonstandard
PET isotopes such as "°Br, "'Br, '**I, ®¢Y, *™Tc, %°Ga,
0Cu, ®'Cu and **Cu are currently produced for biomedical
research [2—4]. These isotopes possess half-lives of an hour
to a few days, allowing for the study of radiopharmaceutical
kinetics over a period of up to a few days. However, these
nonstandard positron emitters are generally characterized by
high-positron end-point energy and emission of numerous
nonannihilation gamma rays, both of which contribute to the
degradation of PET images.

Recently, an image reconstruction algorithm—a maxi-
mum a posteriori (MAP) reconstruction algorithm [5]—that
includes an accurate model of the camera response, the
Poisson distribution of coincidence data and corrections for
photon noncollinearity has been developed. This recon-
struction algorithm was initially developed for the CTI/
Siemens ECAT 962 scanner [6,7] and UCLA microPET [8]
and was followed by a recent adaptation to the CTI-
Concorde MicroSystems animal scanners. In particular, this
algorithm has been shown to improve spatial resolution and,
at the same time, maintain the noise level. In Reference [8],
it was demonstrated that noise was reduced with this
technique at a comparable spatial resolution. MAP image
reconstruction is a Bayesian reconstruction method used in
the reconstruction of PET images [5]. The method combines
an accurate physical model of photon-pair detection with a
Poisson statistical model of the random nature of the
detected events. These models are incorporated in a
likelihood function and combined through Bayes theorem
with a prior distribution or smoothing function that reflects
the expectation that reconstructed images will be locally
smooth. Maximizing the resulting posterior probability
distribution results in the MAP image. We report on an
extension of this algorithm that includes a model of the
positron range in the projection model and hence attempts to

correct the reconstructed images for resolution loss due to
positron range [9].

60Cu, °'Cu and ®*Cu are nonstandard positron-emitting
radionuclides that are being produced on demand at the
Washington University School of Medicine [2,3]. Their
decay properties are summarized in Table 1. **Cu also
decays by B~ (39%), which makes it an attractive isotope
for dual use of imaging and therapy [10—17]. The positron
range of ®*Cu is approximately the same as that of '“F; as
such, the spatial resolution is only weakly increased in
microPET imaging due to the positron range for this isotope.
The large positron maximum energy results in long positron
ranges, particularly up to a few centimeters for *°Cu in
tissue. Such an extended positron range has a minimal
impact on spatial resolution in clinical PET imaging [18] but
is very detrimental in small-animal PET where a resolution
<1 mm is sought. To illustrate the possible usefulness of
the MAP reconstruction algorithm for correction of positron
range, we performed imaging experiments with phantom
and line sources as well as animal experiments with the
abovementioned isotopes of Cu. In the in vivo studies,
animals were injected with agents labeled with each of the
three PET isotopes of Cu. The radiopharmaceuticals were
chosen carefully; Cu-pyruvaldehyde bis(N*-methylthiose-
micarbazone) (Cu-PTSM) is a blood-flow agent [14,16,17]
that shows uptake in all major organs whereas
Cu-1,4,7,10-tetraazacyclododecane-1,4,7-tri(methanephos-
phonic acid) (Cu-DO3P) is a bone-seeking agent [19]
that produces images of the skeleton and thus provides
a measure of the spatial resolution improvement in
animal data.

2. Materials and methods
2.1. Radionuclide and radiopharmaceutical production

The three radionuclides, 6OCu, ®lCu and 64Cu, were
produced on the CS-15 biomedical cyclotron at the Wash-
ington University School of Medicine using published
methods [2,3]. These isotopes are all produced by a (p,n)
reaction on the appropriate enriched Ni target material
electrodeposited onto a Au target. Separation and purification
ofirradiated Ni material from the Cu radionuclide proceed by
ion exchange chromatography. All three radionuclides are
produced with high radiochemical purity and high specific
activity. Two radiopharmaceuticals were used for the animal
studies, Cu-PTSM [16,20] and Cu-DO3P [19]. **Cu-, ¢'Cu-
and ®*Cu-PTSM were produced based on methods reported in
the literature [20,21]. Briefly, the radiocomplexes were
produced by the addition of H,(ATSM) (in DMSO) to the
chloride form of the desired radionuclide (CuCl,). After a few
minutes, the complexes were purified by using C,g-SepPak
Light solid-phase extraction cartridges. The radiochemical
purity (>98%) was determined by radioTLC. **Cu-, ®'Cu-
and ®°Cu-DO3P were also produced according to literature
methods [19]. **CuCl, was converted to “*Cu-acetate by
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stirring with 0.4 M of ammonium acetate (pH 6.5). This was
then added to the DO3P ligand solution (2.0-5.0 mM) and
allowed to react for 2 h at room temperature. The
radiochemical purity was determined by reversed-phase
TLC. Unless otherwise stated, all chemicals were purchased
from Sigma-Aldrich Chemical (Milwaukee, WI, USA). All
solutions were prepared using distilled deionized water
(Milli-Q; >18 M( resistivity).

2.2. Imaging system

Small-animal PET imaging was conducted on a micro-
PET-R4 scanner (CTI-Concorde MicroSystems, Knoxville,
TN, USA), for which system performance and character-
ization have been reported in Reference [22]. The micro-
PET-R4 consists of 24 detectors arranged in four
contiguous rings with a ring diameter of 14.8 cm and an
axial extent of 8 cm. Each detector consists of a single
block of lutetium oxyorthosilicate (LSO) crystal subdivided
into an 8x8 array coupled to a position-sensitive photo-
multiplier tube with a bundle of coherent fiber optic. Each
LSO crystal measures 2x2x 10 mm® and is assembled on a
2.4-mm pitch. The space between each crystal is filled with
TiO, powder to ensure scintillation light reflection. The
system is capable of a <2.0-mm resolution at the center of
the field of view (CFOV) when imaging is performed with
a short-range positron emitter such as 'SF. Typical
resolution is of the order of 2.3 mm and the absolute
sensitivity of the camera is 3.4% for a point source placed
at the CFOV.

2.3. Reconstruction algorithms

At the core of the MAP approach is the model for
detected events or sinogram data, y, whose expected value
can be expressed in matrix—vector form as shown in
Reference [5]:

y =Px+r+s (1)

where x is the estimated image, r is the mean of the randoms
and s is the mean of the scattered events. P is the system
matrix describing the probability that an unscattered event
is detected, which is factored as follows:

P :PnonnPblurPattn Pgeom Prange (2)

where P, is a diagonal matrix containing the normali-
zation factors for unscattered events; Py, is a blurring
operator that models photon-pair noncollinearity, inter-
crystal scatter and crystal penetration; P., is a matrix
containing the attenuation factors for each detector pair;
Pyeom is the geometric projection matrix describing the
probability that a photon pair reaches the front faces of
the detector pair in the absence of attenuation and
assuming perfect photon-pair collinearity; and Prange
models the positron range effect as described subsequent-
ly. Randoms are handled in the standard manner through
subtraction of a set of delayed coincidence events. This
subtraction of counts affects the statistical distribution of

the data that we account for using the shifted Poisson
model [6,23].

In MAP reconstruction, a hyperparameter {3 is used to
control the smoothness of the image. One of the advantages
of using MAP as compared with other maximum likelihood-
based methods (e.g., OSEM) is that we can choose the value
of this hyperparameter to achieve optimal tradeoff between
image resolution and noise.

The positron range kernels were calculated from a
calculation of the positron ranges of ®°Cu, °'Cu and **Cu
with EGS4+PRESTA (Electron Gamma Shower Code
Version 4+ Parameter Reduced Electron Step Transport
Algorithm), which simulates the propagation of electrons,
positrons and high-energy photons in matter [24-26]. A
point source of a given isotope in which the initial energy of
the particles was distributed along Fermi functions was
simulated. In these calculations, the complete decay scheme
was included as described in Reference [4]. In short, for
each transition leading to an excited state in the daughter
nuclei, the positron kinetic energy spectra were modeled
with a FERMI function with end point given by the Q value
to this excited level. The combined energy spectrum was
then obtained by summing all transitions with their
corresponding branching ratio. The average positron ranges
from these simulations are reported in Table 1.

In addition to the MAP reconstruction, images were also
reconstructed with standard Fourier rebinning (FORE) 2D
filtered back projection (FBP) algorithms provided by the
camera manufacturer. The initial 3D sinograms were
rebinned using (FORE) before applying 2D FBP. This
algorithm does not model the process of gamma detection or
the physics of positron decay. A ramp filter with frequency
cutoff set at the Nyquist frequency was used. The prompt
gammas from *°Cu and ®'Cu data were eliminated by first
subtracting a uniform background in the sinograms caused
by the coincidence of annihilation photons with cascade
gamma rays before image reconstruction. This procedure is
similar to scatter correction and does not affect the spatial
resolution in the images.

2.4. Phantom studies

Degradation of spatial resolution due to positron range
was studied using a line source phantom and a miniature
Derenzo phantom. The line source experiments were
performed using thin plastic tubing with an inner diameter
of 0.5 mm inserted in a water-filled chamber (25.4 mm in
diameter and 25.4 mm in length). For each study, a
concentrated *°Cu, ¢'Cu or ®*Cu solution was injected into
the small plastic tube and the phantom was aligned at the
CFOV. The phantom was then imaged for a single frame
for 30 min. The energy acceptance window was set to
250-750 keV with a 10-ns timing window. A value of the
hyperparameter B of .01 was chosen for these reconstruc-
tions. Although reconstruction was performed with several
values of the hyperparameter, this value was finally chosen
as it provided the best spatial resolution.
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Fig. 1. Line-spread-function measurement from a line source phantom for
images reconstructed from 2D FBP, MAP and MAP+RC for ®°Cu, ¢! Cu and
64

Cu

The miniature Derenzo phantom was constructed within
our laboratories and was based on the original design of
Derenzo et al. [27], but with smaller rod sizes and rod-rod
separation distance. This phantom was imaged with all three
isotopes separately. The phantom has an inner diameter of
60 mm and contains fillable hot rods of different diameters
(1.0, 1.25, 1.5, 2.0 and 2.5 mm) separated by four times
their diameter arranged in five segments. The length of the
rods is 38 mm. The phantom was filled with the *°Cu, ¢'Cu
or **Cu solution and scanned for one frame of 30 min for
0Cu and *'Cu and one frame of 60 min for **Cu. Images
were reconstructed with 2D FBP and with MAP (with and
without range correction). For MAP reconstructions, the
 hyperparameter was set to .001, .01 and .1 and the number
of iterations varied from 10 to 50, respectively.

2.5. Animal studies

All animal experiments were conducted in compliance
with the Guidelines for the Care and Use of Research
Animals established by the Washington University Animal
Studies Committee. All imaging studies were performed in a
temperature-controlled imaging suite with close monitoring
of the physiological status of the animals. To eliminate
fluctuations due to physiological differences among ani-
mals, we used the same animals to study the same
compounds labeled with the three Cu isotopes over a
48-h period. In all cases, the animals were scanned at 10 min
postinjection for Cu-PTSM and 35 min postinjection for
Cu-DO3P for a single frame of 5 min. The animals were

first injected with the *°Cu-labeled compounds and scanned
on microPET-R4. Four hours were allowed for the complete
decay of ®°Cu, and then imaging of the same animals
was performed with the ®'Cu analogs. On the following
day (allowing for °'Cu decay), the same animals were
injected with the ®*Cu compounds. The injected activity was
designed to provide an equal number of positron decays
during the 5-min scan for each isotope. The images
were reconstructed with standard reconstruction algorithms
available from Concorde Microsystems (2D FBP and 2D
OSEM) as well as with MAP with positron range correction
(MAP+RC) and without (MAP). The B hyperparameter
was set at .01 for the reconstruction of the animal experi-
ments to achieve the best spatial resolution and to
be consistent with the phantom experiments. The 2D
OSEM implemented by the manufacturer does not include
modeling of either the detection of gamma rays or the
positron annihilation.

3. Results
3.1. Line spread function

The line source phantom studies were reconstructed with
2D FBP, MAP and MAP+RC. The full width at half
maximum (FWHM) of the line source for each image was
measured from the line spread function constructed from a
profile traced through the pixel of highest intensity. Fig. 1

FBP

MAP NRC

MAP RC <L
50

Fig. 2. The miniature Derenzo hot rod phantom images of *°Cu, ®'Cu and
Cu reconstructed with 2D FBP, 2D OSEM, MAP (30 iterations) and
MAP+RC (30 and 50 iterations). The rod diameters of the phantom are
1.0, 1.25, 1.5, 2.0 and 2.5 mm.
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shows the line-spread-function measurement of the three
Cu isotopes. The FWHM on the MAP reconstructions is
plotted for various numbers of iterations. The FWHM for
the longest-range isotope on the 2D FBP reconstructed
images is almost twice that of the shortest (3.7 mm for ®°Cu
vs. 2.5 mm for **Cu). The FWHMs of MAP-reconstructed
images plateau at 1.1, 1.8 and 2.7 mm for **Cu, ®'Cu
and °°Cu, respectively, whereas those of MAP+RC-
reconstructed images plateau at 0.9, 1.0 and 1.1 mm,
respectively. For the short-range positron isotope, MAP
improves the image resolution by a factor of two as
compared with 2D OSEM and 2D FBP (FWHM of
[.I mm vs. 2.0 and 2.5 mm, respectively) and MAP+RC
improves it further with an FWHM of 0.9 mm. For the long-
range positron ®°Cu data, MAP+RC significantly improves
the resolution as compared with 2D FBP and MAP (FWHM
1.07 mm vs. 4.0 and 2.6 mm, respectively). Furthermore,
the FWHMs from images reconstructed with MAP+RC
plateau at 30 iterations, whereas the iteration number does
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not significantly affect the FWHM for images reconstructed
with MAP beyond 15-20 iterations. Also apparent in Fig. 1
is that a longer-range positron emitter requires more
iterations to reach the plateau and that the FWHMs of the
line sources for each Cu isotope are similar when images are
reconstructed with MAP+RC, although each has a unique
positron range.

3.2. Image quality

The images of the miniature Derenzo hot rod phantom
with ®°Cu, ®'Cu and ®*Cu reconstructed with 2D FBP, MAP
and MAP+RC (30 and 50 iterations) are shown in Fig. 2.
Only the images reconstructed with the smallest value of the
hyperparameter are presented in this figure as it was
observed that rod separation was optimal with this value.
All the images were reconstructed with scatter correction
and attenuation correction applied. The apparent ring around
the rod patterns in the ®*Cu images is due to residual activity
around the rod inserts in the phantom. The 1-mm rods with

B
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MAP-30NR  MAP-30R

MAP-50R

®cu

61 cu
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D

rat DO3P MAP-50R

SDCu
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Fig. 3. The maximum intensity projection images reconstructed with OSEM, MAP (30 iterations) and MAP+RC (30 and 50 iterations). (A) A mouse injected
with Cu-DO3P labeled with each of the three Cu isotopes. (B) A rat injected with Cu-DO3P. (C) A mouse injected with Cu-PTSM. (D) A rat injected with

Cu-PTSM.
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Fig. 4. Coronal slice images of the rat injected with Cu-PTSM. The images were reconstructed with 2D FBP, MAP (30 iterations) and MAP+RC (50 iterations).

%4Cu can be barely resolved with FBP and identification of
all the rods is possible with MAP, whereas the range
correction provides the best rod separation. A similar
observation can be made for 61Cu, where it can be seen
that 50 iterations yield better rod separation. For ®°Cu, the
best rod identification is obtained with MAP without range
correction for the smallest rods whereas MAP+RC and
50 iterations are better for all the other rod groups. It can
also be observed that the rod shape is slightly oblong,
especially for ®*Cu. This artifact is not due to the range
correction in MAP as it is visible for all MAP reconstruc-
tions. We can also note a small increase in noise in the
images especially at higher numbers of iterations.

Circular artifacts are apparent on the ®°Cu and ¢'Cu
images and are due to a mismatch in normalization. The
counts seen at the edge of the phantom are caused by the
residual activity surrounding the Derenzo insert, highly
apparent as a ring in °*Cu images and amplified in
MAP+RC images.

3.3. Animal studies

In the animal studies, the data were reconstructed with
2D FBP, 2D OSEM, MAP for 30 iterations and MAP+RC
for 30 and 50 iterations. The maximum intensity projection
images of a mouse (A) and a rat (B) injected with Cu-DO3P
as well as a mouse (C) and a rat (D) injected with Cu-PTSM

are shown in Fig. 3. The vertebrac of the mouse and rat
injected with Cu-DO3P can be seen with better definition in
the images reconstructed with MAP+RC for all Cu isotopes
than in images reconstructed with 2D FBP or MAP without
range correction. Without the range correction, images using
the long-range positron emitter °°Cu are clearly more
blurred. In general, the skeletal structure of the animal is
more easily identifiable from the surrounding organs in
reconstructions with the positron range correction. For
Cu-PTSM, generally, MAP reconstruction gives better
quality images than 2D FBP recognized by internal organs
that are more apparent in the images, especially those
reconstructed with MAP+RC. In particular, for ®'Cu-PTSM
in mice, the kidneys are more delineated from the liver and
the gall bladder is more distinct from the liver. The internal
organs in the rat data appear more uniform with MAP
reconstruction and with better separation than with FBP
image reconstruction.

Fig. 4 shows coronal images through the kidneys of the
rat injected with Cu-PTSM. The images were recon-
structed with 2D FBP, MAP (30 iterations) and MAP+RC
(50 iterations). Images of the short-range positron emitter
(®*Cu) show accumulation of Cu-PTSM mostly in the
cortex of the rat kidney, whereas the longer-range emitter
images reveal a low amount of tracer localized to the
medulla. In particular, FBP images with ®°Cu are blurry
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Fig. 5. Line profiles across the kidney of the rat injected with Cu-PTSM
from images reconstructed with 2D FBP, 2D OSEM, MAP (30 iterations)
and MAP+RC (30 and 50 iterations).

and show considerable accumulation of activity in the
medulla of the kidneys. It is also apparent on these
images that the noise structure has substantially increased
on MAP images especially at 50 iterations. A more
detailed inspection can be obtained from line profiles
traced across the kidneys, and those allow evaluation of
the effect of the positron range correction on this
configuration of activity distribution. Those are shown
in Fig. 5 for images reconstructed with 2D FBP, 2D
OSEM, MAP (30 iterations) and MAP+RC (30 and 50
iterations). Images reconstructed with 2D FBP show
higher uptake in the medulla for *°Cu than for **Cu.
Images reconstructed with 2D OSEM show some activi-
ties in the medulla, but images reconstructed with MAP
show minimal uptake in the same region for all three
isotopes. The line profiles from the images reconstructed
with MAP+RC show most of the renal activity in the
cortex and no medulla activity, even with °°Cu-PTSM.
Line profiles from “°Cu, ®'Cu and ®*Cu are similar when
the images are reconstructed with MAP+RC. The peak
values representing the uptake in the cortex are almost
three times higher for ®°Cu when the images were
reconstructed with  MAP+RC than with 2D OSEM or
2D FBP. For ®Cu, the peak values are only approxi-
mately 1.5 times higher for MAP+RC as compared with
2D FBP and 2D OSEM.

A similar trend is observed for the transverse line
profile of a vertebra of the rat injected with Cu-DO3P for
the three Cu isotopes from each reconstruction method
(Fig. 6). Because the Cu-DO3P agent accumulates in bone,
there is no uptake in the vertebral foramen. The images
reconstructed with MAP+RC give the best peak to valley
ratio and show low activity in the vertebral foramen. For
ICu and ®*Cu, the activity in the foramen is seen to be
almost zero for the MAP+RC reconstructions, whereas for
0Cu, the valley is approximately 50% of the activity in
the vertebra.

4. Discussion

The line source phantom showed that at 20 iterations,
the spatial resolution of MAP images has reached its
minimum value and that slightly more iterations are needed
to achieve a similar resolution with a long-range positron
emitter such as ®°Cu. This last result was also confirmed by
the Derenzo phantom, which showed better rod separation
with a higher number of iterations when imaging with
®Cu. The absolute value of the obtained resolution with
MAP+RC (which is practically identical for all three
isotopes) was obtained from a line source surrounded by
a cold background. Such conditions can be reproduced
when using a tracer with high specific uptake such as a
bone-seeking agent. In situations where the uptake is not
specific, the spatial resolution with MAP may vary.
Anyhow, these initial resolution measurements with the
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Fig. 6. The line profiles across a vertebra of the rat injected with Cu-DO3P
from images reconstructed with 2D OSEM, MAP (30 iterations) and
MAP+RC (30 and 50 iterations).

line source indicated a first level of improved resolution
due to the accurate system modeling and additional
improved performance due to the range correction.
Similarly, the image quality evaluated from the Derenzo
phantom images revealed comparable characteristics for the
three isotopes. Phantoms of this sort are not typical of
contrast in living subjects but instead depict an infinite
contrast situation. Phantoms are thus an ideal case for which
we would expect the resolution recovery algorithm to work
best. We observed rod shapes with distortions (elongated),

which are attributable mainly to the imperfection of the
system model (i.e., the geometry and sinogram blur
kernels). By accurately modeling the block structure of the
PET scanner in geometry and blur kernels, the distortions
can be reduced significantly. In this study, we did not model
the block structure in geometry matrix because it appears
that there are less additional advantages. Ignoring the
block structure in geometry matrix will cause some
distortions, and in calculating the blur kernels, we made
several simplifications that may have introduced errors in
the resulting kernels and thus caused distortions. For one
assumption, we assumed that the energy resolution is perfect
and we ignored the difference between direct-plane sino-
grams and oblique sinograms. We are presently investigat-
ing the effect of improved blur kernels on image quality.
The ring artifacts most apparent in “®Cu-Derenzo are due to
a mismatch of normalization. We have developed a
statistical normalization procedure for MAP reconstruction,
but its implementation on the microPET-R4 scanner is not
finished yet. For these reconstructions, we used the
normalization protocol that assumes a system model
different from MAP as proposed by the manufacturer.

However, animal imaging experiments using two very
different tracers with different specific biodistributions also
revealed substantial improvement in image quality from the
improved resolution using MAP+RC. In Reference [8], it
was shown that the images have less noise with MAP than
with FBP at a comparable spatial resolution. It is thus likely
that the same conclusion will be valid when the range
correction is applied. The line profiles through the kidneys
(with PTSM) and vertebrae (with DO3P) revealed the
presence of substantial activity in the medulla or foramen
with a long-range positron emitter of ®°Cu that was not
perceptible with ®*Cu. High-energy positrons emitted within
the cortex can propagate in tissue and annihilate in the
medulla or foramen, thus mimicking tracer accumulation. In
the absence of adequate range calculation, this activity can
be inaccurately associated with radioactivity in the wrong
compartment, either in urine or in the spinal cord in these
cases. The use of MAP with range correction was clearly
beneficial as it yielded a similar distribution of the activity
for all three isotopes.

Alternative techniques have been proposed to correct for
the positron range, including attempts to recover spatial
resolution using Fourier deconvolution [28,29]. However,
for a given spatial resolution, this technique can signifi-
cantly increase the statistical noise. Although a certain
degree of noise amplification is inevitable in resolution
recovery, the incorporation of positron range correction
within the Bayesian framework of MAP allows control of
noise amplification versus resolution recovery through a
parameter that determines the degree of influence of the
prior distribution or smoothing function. The MAP algo-
rithm, used for small-animal imaging without positron range
correction, has been shown to produce both improved
resolution overall and improved resolution versus noise
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properties in phantom and animal experiments [8]. Our
experiments confirmed the improved resolution achievable
with this approach and showed that a positron range
correction is possible and can potentially lead to increased
quantitative accuracy in the measurement of the activity in
small organs or structures, especially when a long-range
positron emitter is used.

The observation that noise increases with the gain in
resolution suggests that a smaller value of B and/or a high
number of iterations might be appropriate for studies with a
high specific uptake in small tumors or organs whereas a
larger value of 3 and/or less iteration might be preferable for
uptake in larger organs showing uniform uptake. Quantita-
tion accuracy will thus depend on the choice of these
parameters and a careful calibration procedure will need to
be adopted. Further studies with phantoms of various sizes
(and with different levels of contrast) are required to
establish the performance characteristic of the MAP
algorithm with the range correction in terms of quantitative
accuracy and noise behavior.

In a homogeneous medium, the distribution of annihila-
tion points for positrons emitted from a point source will be
isotropic and spatially invariant. Consequently, the range
effect can be modeled as a shift-invariant convolution kernel
applied to the source distribution prior to forward projection
[28,29], as was used in these reconstructions. Inhomoge-
neous media require anisotropic and spatially variant
convolutional kernels that can be determined using either
deterministic or Monte Carlo calculations [9]. Although
these latter kernels better represent range effects in vivo,
accurate implementation in acceptable reconstruction times
is difficult, and we have observed that a homogeneous
model is sufficient to achieve a reasonable degree of
resolution recovery in small-animal studies.

Further development of the algorithm is also underway,
consequently as well as an inhomogeneous model where the
algorithm can take advantage of a coregistered microCT to
determine the body boundary and the internal organ density
(i.e., soft tissue, bone, lungs) and where a spatially variant
positron range kernel could be used. Alternatively, in a
hybrid “truncated homogeneous” model, it can be assumed
that positrons that leave the body are not detected, which are
modeled approximately by simply truncating the shift-
invariant isotropic blur kernels at the boundary of the
animal. The cost for the spatial resolution gain is paid in
reconstruction time. Although the MAP with positron range
algorithm takes the same time as the regular version of
MAP, image reconstruction times of 20-30 min are required
for the microPET-R4 data (essentially one iteration per
minute) using a dual CPU Pentium PC. Such reconstruction
times are manageable for static studies but can become
prohibitively long for dynamic studies. A message parsing
interface-based cluster code is being developed, and initial
results indicate that a four-node Opteron PC cluster can
reconstruct a microPET-R4 single-frame data set in approx-
imately 4 min. In addition, improvements in the inverse

FORE projector that can speed up MAP by 4-10 times are
being made. Although still preliminary results at this time, a
few avenues are possible to speed up MAP and are being
investigated to make its routine use practical.

5. Conclusion

When using a long-range positron emitter such as “°Cu
for PET, spatial resolution is limited by the positron range,
particularly in high-resolution small-animal PET. We have
shown that positron range correction is possible using the
MAP image reconstruction framework. The positron range
model was included in the system model to recover spatial
resolution when high-energy positron emitting isotopes
were used. Further investigations are needed to establish
the quantitative benefit for spatial resolution on recovery
coefficients, particularly with respect to the noise level in
the images.
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