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Abstract

Positron Emission Tomography (PET) has gained a tremendous momentum recently for clinical applications notably with the availability
of 18F-fluorodeoxyglucose for staging and evaluation of therapy efficacy in various types of cancers. Nonconventional positron emitting
nuclides are now being investigated for the development of novel imaging and therapeutic strategies. However, these nuclides have less than
ideal imaging properties. This article compares the performance for imaging of nonconventional nuclides such as 61Cu, 68Ga, 86Y and 94mTc
with the standard imaging nuclide 18F for high-resolution small animal PET imaging. Quantitative imaging performance was evaluated in
terms of spatial resolution and hot spheres recovery coefficients from image resolution and image quality phantoms representing the mouse.
The data were reconstructed using algorithms of 2D filtered-back-projection, 2D ordered-subsets expectation maximization and maximum-a-
posteriori. It is shown that the spatial resolution point spread function can be well explained by a double-gaussian function due to the
generally long range of the positron. We show that, with the knowledge of the measured point spread functions, the accurate activity
concentration in small lesions can be recovered when imaging with long-range positron emitters.
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Positron emission tomography (PET) commonly uses
tracers labeled with positron emitting radioactive nuclides
such as 11C, 15O, 13N and 18F. These conventional nuclides
have short half-life and decay without the emission of other
gamma rays which interfere with the 511-keV annihilation
photons. The most widely used nuclide and imaging agent is
of course 18F-fluorodeoxyglucose (18F-FDG) which is used
clinically for staging and evaluation of cancer therapy for a
wide variety of cancer types. Nonconventional radioactive
nuclides such as 60,61,64Cu [1–5], 68Ga [6], 94mTc [7], 76Br
[8–11], 86Y [12–15] and 124I [16–18] are being investigated
for novel diagnostic or internal radiotherapy strategies. The
generally longer half-life of these nonconventional radio-
active nuclides enables the biological processes to be studied
over a longer time and allow for distribution of the nuclide to
other imaging centers. However, nonconventional radio-
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active nuclides have usually higher positron emission
energies than 18F (mean value of 250 keV) and emit cascade
γ-rays following the positron emission or the electron
capture [19]. The longer positron range due to higher
positron energies results in resolution degradation in PET. In
addition, the cascade γ-rays will produce photon coincident
detections that are spatially uncorrelated, resulting in the
background in the emission sinograms [20–25] which will
affect the quantitation accuracy. The cascade γ-rays also
increase the single event rate of the PET scanner producing
additional random coincidences and may lead to inaccurate
dead time correction.

The aim of this work was to characterize these nuclides
for quantitative PET imaging and study the effect of the loss
of resolution from the positron range, especially in small
animal PET imaging where most of novel imaging agent
research is performed. To this end, we carefully measured the
spatial resolution for a few nonconventional nuclides (61Cu,
68Ga, 94mTc and 86Y) and the hot-sphere recovery coeffi-
cients (RCs) in a warm background. We also showed that our
measurements of the point spread function with these long-
range positron emitters can be used to recover the activity
concentration in small volumes.
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Fig. 1. The spatial resolution phantom showing the fillable 2.5-cm-diameter
cylinder containing two capillary tubes inside.
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2. Materials and methods

Small animal PET imaging was performed using a
Siemens/Concorde microPET FOCUS-F120 at the exception
of the RC measurement of 94mTc which was performed in a
Siemens Concorde microPET FOCUS-F220. These cameras
are composed of four rings of 24 or 42 blocks of 12×12 array
of (1.51×1.51×10 mm) LSO scintillation crystals [26,27]. In
all cases, the phantoms were located in the center of the field
of view (FOV) and images were reconstructed with a
0.4-mm pixel size by 0.796-mm slice thickness as we would
do typical mice imaging in these systems. The acceptance
energy window was set to 350–650 keV, and the width of
coincidence timing window was 6 ns. For all studies, the
injected activity in the phantoms was chosen to limit the
camera deadtime below 10% or approximately 17 MBq
(0.5 mCi). Data acquisition were performed for at least
30 minutes for the nonstandard nuclides and for 10 minutes
for 18F. The nonconventional nuclides with the exception of
68Ga (obtained from TCI medical, Albuquerque, NM, USA)
were produced by the cyclotron facility of Mallinckrodt
Institute of Radiology [28–30]. Decay properties of these
nuclides are summarized in Table 1.

For objects of this size, cascade coincidences create an
approximately uniform distribution of counts for a small
phantom centered in the FOV [29,32]. In this work, the
scatter correction sinograms were generated from emission
sinograms preprocessed by the subtraction of a uniform
background component with scale factor of 0.9 at the tail
edge of FOV. We used the manufacturer provided scatter
correction software (3D model scatter correction). Then, the
sum of cascade distribution and scatter sinogram was then
used for combined scatter and cascade correction. Other
methods have been applied to the correction of cascade
coincidences in human scanners such as uniform back-
ground subtraction [22,24], a linear fit to the projection tails
[23], modification to the scatter algorithm [7] and
convolution subtraction [33]. Since our phantoms are
relatively small, centered in the FOV and the cascade
distributions were very uniform, the simple uniform
subtraction model was used here.
Table 1
Selected nuclide decay properties

Nuclide Half-life (h) Emax/Eavg

(MeV/MeV)
% beta Decay Others

[g (%)] (keV, %)

18F 1.83 0.633/0.248 96.5 –
61Cu 3.33 1.215/0.500 61.5 656 (10.8)
68Ga 1.13 1.899/0.829 89.0 1077 (3.2)
86Y 14.74 3.141/0.650 31.95 443 (16.9)

628 (32.6)
703 (15.4)

94mTc 0.87 2.439/1.072 70.0 871 (94.2)

Only the most abundant prompt gamma rays are listed. Data taken from the
National Nuclear Data Center, Brookhaven National Laboratory [31].
2.1. Transverse spatial resolution

The spatial resolutions were measured using an imaging
resolution phantom composed of a uniform cylinder in which
two fillable capillary line sources were inserted. This
phantom is shown in Fig. 1: the inner diameter (ID) and
length of the Lucite cylinder were 25.1 mm and 26.5 mm,
respectively. One capillary tube was located in the axis center
of the phantom, the other one was located 8.0 mm away from
the center. The outer diameter (OD) and the ID of the
capillary tube were 1.0 mm and 0.25 mm, respectively. The
transverse spatial resolution for each nuclide was measured
in two separate scans: first, with activity in the line sources
only and with the phantom filled with cold water (infinite
contrast) and second, with the surrounding water containing
a small amount of activity in a concentration ratio of 300:1
between line source and background area. The algorithm of
2D filtered-back-projection (2D-FBP) [with ramp filter
cutoff set at 0.3, 0.35, 0.4, 0.45, 0.5 cm−1 (Nyquist
frequency)], 2D ordered-subsets expectation maximization
(2D-OSEM) (4 iterations/16 subsets) [34] and maximum a
posteriori (MAP) [35,36] (20 iterations and β values of 0.5,
0.25, 0.1, 0.05 and 0.01) were used to reconstruct the images.
MAP is a penalized maximum likelihood type of algorithm
with system modeling of the gamma ray detection and a
statistical modeling of the Poisson nature of gamma ray
decay and detection. A single hyperparameter controls the
importance of the regularization term (b parameter). As such,
image reconstruction using a larger value of b parameter
leads to smoother images, while a smaller value of b leads to
crisper images with higher spatial resolution. For small
values of b hyperparameter, improved spatial resolution is
achieved. Image reconstruction algorithms were provided by
the manufacturer. Spatial resolutions [full-width at half-



Fig. 2. Mouse size image quality phantom showing the three spheres and
lung inserts. The internal dimension of the cylinder is 3 (diameter) by
5 cm (length).

ig. 3. (A and B) Image profile traced through the two line source filled with
F (A) and 94mTc (B) surrounded by nonradioactive water. Each peak of the
rofile is fitted by double Gaussian function with the fit parameters
isplayed on the graph.
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maximum (FWHM)] were extracted for single plane line
profiles traced through the line source image and then the
average over five consecutive planes was calculated.

2.2. Hot sphere RCs

The RCs were measured by using a mouse-like image
quality phantom containing three spheres (ID: 3.9, 6.2 and
9.9 mm) and two cylinders (ID: 8 mm, OD: 10 mm) as shown
in Fig. 2. The ID and length of this water-fillable cylinder
phantom is 3.0 cm and 5.0 cm, respectively. The phantom
was prepared with an activity concentration ratio of 10.1:1
between the hot spheres and the uniform area for all nuclides.
The two small cylinders did not contain activity: one was left
empty with air and the other one contained cold water.

Images were reconstructed with the image reconstruc-
tion algorithms mentioned above with cascade, scatter,
attenuation, deadtime corrections and normalization. The
mean values of the warm background were measured in
the uniform region inside the phantom. The mean values of
the spheres were measured in regions of interest (ROI),
with the boundary set at 20–90% of the maximum value in
the specific sphere in the plane containing the largest
section of the sphere. The RC is defined by the ratio of
mean value in ROI to the known activity value in the
sphere. The scanner was calibrated for each nuclide by
ensuring the activity in the uniform area in the phantom
matched the expected activity.

Due to image blurring caused by the limited spatial
resolution and, in particular, due to the long positron range,
the measured activity in small volume is smaller than
expected in small animal PET. The measured activity in the
spheres can thus generally be expressed as:

Msphere = AsphereRsphere + AuniformSuniformYsphere ð1Þ

where Asphere and Auniform are the known activity concentra-
tions in the sphere and in the uniform area; Rsphere and
Suniform→sphere are the recovery fraction from the sphere and
the spill-over fraction from the uniform area into the sphere.
The values of Rsphere and Suniform→sphere can be calculated
by a 3D convolution of the measured point spread function
with a numerical mock of the image quality phantom
knowing the exact dimensions of the phantom, including
the spheres.
3. Results

3.1. Line spread function and point spread function

Fig. 3A and B shows the line source image profiles for
18F and 94mTc in cold water reconstructed by 2D-FBP
F
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able 2
ouble-gaussian-fit parameters and weights of the LSF and point spread
nction for the nuclides considered in this work

lgorithms Nuclides FWHM1 (mm) FWHM2 (mm) F W

D-FBP 18F 1.82 4.00 0.89 0.63
61Cu 1.93 4.20 0.74 0.37
68Ga 2.19 5.40 0.59 0.19
94mTc 1.99 5.42 0.61 0.17
86Y 1.86 4.05 0.63 0.26

D-OSEM 18F 0.98 2.78 0.77 0.29
61Cu 1.68 3.33 0.70 0.37
68Ga 1.4 3.91 0.62 0.17
94mTc 1.74 6.00 0.73 0.19
86Y 0.86 3.4.0 0.57 0.08

AP (b=0.01) 18F 1.06 2.95 0.94 0.67
61Cu 1.18 3.30 0.96 0.75
68Ga 1.32 4.20 0.88 0.42
94mTc 1.42 5.80 0.85 0.25
86Y 1.16 3.20 0.80 0.34
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algorithm. It can be well characterized by a double
Gaussian function:

F xð Þ = Fexp
�x2

2r21

� �
+ 1� Fð Þexp �x2

2r22

� �
ð2Þ

For the capillary line source at the center of the FOV, the
FWHM of first Gaussian function is 1.90 mm, and the
second Gaussian function is 6.05 mm for 94mTc. Clearly, a
simple Gaussian distribution cannot explain the measured
distribution as is usually done in spatial resolution measure-
ments. For the line source located at 8 mm radial offset, the
FWHMs were slightly larger than the center one, reflecting
the fact that the spatial resolution is somewhat better at the
center of the tomograph. The point spread function (PSF) can
be converted from the line spread function (LSF) by:

gðxÞ = Wffiffiffiffiffiffiffiffiffiffi
2pr1

p� �3 exp � x2

2r21

� �
+

1�Wffiffiffiffiffiffiffiffiffiffi
2pr2

p� �3 exp � x2

2r22

� �

ð3Þ

where

W =
Fr21

Fr21 + 1� Fð Þr22
ð4Þ

The distribution for 18F and 94mTc are shown here. The
other radionuclides considered in this work exhibit similar
double gaussian distribution with different fitting para-
meters. Fig. 4 presents the correlation between the root mean
square radius of the PSF (constructed by FBP with Ramp
filter cutoff at 0.5 cm−1) to the mean energy of positron.
Table 2 compiles the fit parameters (by nonlinear least square
minimization) for all other nuclides and for the different
image reconstruction algorithms. We can note that even for
Fig. 4. Root mean square of 2D-FBP point spread function plotted as a
function of the average positron energy from each nuclide.
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18F, a double gaussian fit predicts a better description of the
observed line profile. The F factor is large, however,
indicating that the positron range has a small contribution
to the loss of resolution.
Fig. 5. Spatial resolution plots versus noise (defined as the standard
deviation in the uniform area) for 18F, 61Cu, 68Ga, 94mTc and 86Y for 2D-FBP
(diamonds), 2D-OSEM (squares) and MAP (triangles).
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3.2. Spatial resolution vs. noise

The relative image noise was extracted by the ratio of
standard deviation over mean value (S.D./mean) of an
ROI traced in the uniform area of the phantom from the
scans filled in the 300:1 ratio. The spatial resolutions
were measured for the capillary line source at the center
of the FOV. The relations of spatial resolution as a
function of image noise are presented in Fig. 5 for the
different nuclides.

2D-FBP (diamonds) gave best resolution and largest
noise when the ramp filter cutoff value is 0.5 cm−1 (Nyquist
frequency). At this cutoff frequency, the measured FWHMs
were 1.73, 2.04, 2.43, 2.24 and 2.05 mm for 18F, 61Cu, 68Ga,
94mTc and 86Y, respectively. The 2D-OSEM normally gave
better resolution than 2D-FBP. The spatial resolution FWHM
by 2D-OSEM were 1.51, 1.74, 2.26, 2.01 and 1.77 mm for
18F, 61Cu, 68Ga, 94mTc and 86Y, respectively. The spatial
resolutions by 3D-MAP algorithm were even better than 2D-
OSEM when b value in 3D-MAP was set to 0.01. At this
value of b parameter, the spatial resolution FWHM by MAP
were 1.32, 1.32, 1.53, 1.63 and 1.49 mm for 18F, 61Cu, 68Ga,
94mTc and 86Y, respectively. For all nuclides, we note that
MAP produces better spatial resolution at essentially all
Fig. 6. RCs for 18F, 61Cu, 68Ga, 94mTc and 86Y for the different sphere
diameters for the boundary threshold of the ROI was 80%. Open symbols
were corrected for partial volume using the measured point spread
function for each nuclide: 2D-FBP (diamonds), 2D-OSEM (squares) and
MAP (triangles).

Fig. 7. Apparent sphere size plotted for the different ROI thresholds for 18F
by 2D-FBP (diamonds), 2D-OSEM (squares) and MAP (triangles)
algorithm. The open symbols indicate the critical thresholds leading to the
actual sphere sizes.
values of b parameter and that the noise level is lower for
most nuclides.

3.3. Hot sphere RCs

RCs were extracted for different volume of spheres and
different boundary thresholds of ROI. Fig. 6 shows the
measured RCs for the three spheres. The threshold of ROI
was set here at 80% of the maximum intensity in the given
sphere. The ramp cutoff parameter for 2D-FBP was set to
0.5cm−1. The b value of MAP algorithm was set to 0.01
and reconstructions were performed for 20 iterations. The
solid symbols represent the RCs before partial volume
correction. The values of RC in smaller spheres are less
than the values in larger spheres. The open symbols are the
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RC after partial volume correction. The corrected RCs for
18F are close to 100%.

Since other nuclides have longer positron range than 18F,
the RCs before partial volume correction were lower. After
partial volume correction, the RCs for 61Cu and 68Ga for the
large sphere were close to 100%; the RCs in medium and
smallest spheres ranged from 75% to 90%. These results
illustrate that the measured PSF are accurate characterization
of the system resolution for these nuclides.

The nuclides 94mTc and 86Y have even lower values of
RC than 61Cu and 68Ga before partial volume correction.
After correction, the RC of 94mTc ranged 85% to 89% for
large and medium spheres and close to 78% for the small
sphere; the RC of 86Y ranged 88% to 92% for large and
medium spheres and varied from 84% to 91% for the small
sphere. These results illustrate that the partial volume
Fig. 8. Critical ROI thresholds yielding the actual sphere size for the different nuc
correction for 94mTc and 86Yalmost completely compensates
for the reduced RCs.

3.4. Apparent sphere size and ROI threshold level

Fig. 7 shows the diameters of ROI as a function of ROI
threshold value for 18F. The open symbols represent the
critical threshold corresponding to the true sphere sizes. For
2D-FBP, the critical thresholds are 41%, 45% and 41% for
large, medium and small spheres, respectively. For 2D-
OSEM, the critical thresholds are 43%, 39% and 38%,
respectively. For MAP, the thresholds are 27%, 30% and
27%, respectively.

Fig. 8 shows the critical thresholds corresponding to the
true sphere size for all the nuclides. The critical thresholds of
nonstandard nuclides are higher than those of 18F. It can be
lides indicated: 2D-FBP (diamonds), 2D-OSEM (squares), MAP (triangles).
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seen that the critical thresholds of 18F show a dependence on
the reconstruction algorithms, while the nonstandard
nuclides are almost independent on the choice of image
reconstruction algorithm.
4. Discussion

The positron range clearly degrades the spatial resolution
in high-resolution small animal PET imaging. Higher
positron energy results in longer positron range and wider
profiles of LSF and PSF. The profiles of LSF and PSF could
be well characterized by double Gaussian functions a
narrower gaussian distribution dominates the spatial
resolution component due to the intrinsic scanner resolution
and reconstruction algorithm and a second wider gaussian
distribution due to the extended positron range. Both effects
contribute to reducing the contrast and thus the RCs in
small objects.

For each nuclide, the resolution achieved by 2D-OSEM
is better than the 2D-FBP at the center of the FOV; while
the best resolution from MAP is even better than that from
OSEM. The correlation of image noise and spatial
resolution indicates that at a given spatial resolution,
MAP reconstruction generally yields to less noisy images.
The noise level in the images will obviously depends on
the reconstruction resolution and statistics. For all the
studied nuclides, the 2D-OSEM algorithm gives higher
noise than 2D-FBP.

The RC for 18F with the smallest sphere was mainly
caused by the loss of resolution due to intrinsic scanner
resolution since the positron range is relatively small for this
nuclide. The spheres' activity concentration could be
recovered very accurately using the measured PSF thus
validating the measurements. Even without partial volume
correction, the 3D-MAP algorithm normally gives higher
RCs than the other algorithms since this algorithm recovers
partially for the loss of spatial resolution caused by the finite
detector size and annihilation photon acolinearity. For
nonconventional nuclides, the positron range is longer than
18F and is the dominant factor affecting spatial resolution.
Accurate activity concentration can be achieved by employ-
ing partial volume corrections using a nuclide specific PSF.
We have seen that our measurements of the PSF for the
different nonstandard nuclides considered here can compen-
sate almost completely for the loss of RC.

Interestingly, the choice of nuclides in this work
provides for a constant gradation of the average positron
range energy, ranging to the smallest available with 18F to
94mTc, and this is reflected in the measured root mean
square of the PSF presented in Fig. 4. As expected, the
uncorrected RCs are also smaller for the larger root mean
square resolution values. Spatial resolution can be decom-
posed into several components: intrinsic from detector size,
annihilation photon non-acolinearity, cross-talk in a block
detector, depth of interaction effect and positron range
[19,37]. Apart from the depth of interaction, all other
parameters are spatially invariant. Thus, if the spatial
resolution is known at all positions in the FOV for a very
short range positron emitter as measured for 22Na in Refs.
[26,27], the nuclide specific and spatially variant point
spread function can be deduced.

When anatomical images are not available, tumor size
measurement may only be done using the PET images, and
due to limitation in spatial resolution, tumor size enclosed by
ROI will depend on the ROI threshold. For cervical cancer
using 18F-FDG PET, Miller and Grigsby [38] found a good
correlation at 40% threshold value with tumor size extracted
from X-ray computed tomography. A further evaluation of
lesion size extraction from clinical PET data is presented in
[39]. The critical threshold to give the true volume (or
diameter) of the spheres (tumors) depends on the PSF of each
tracer, which is determined by the positron emission range
and reconstruction algorithm. Since the nonconventional
nuclides have long positron range, they have larger value of
critical thresholds. Our data also indicate that those thresh-
olds are approximately independent of tumor size.

This article shows that nuclide specific accurate char-
acterization of system performance is crucial for quantitative
small animal PET imaging with nonstandard nuclides,
whether a simple partial volume correction is used or a
more complex technique such as in an image restoration by
an iterative deconvolution process [40] or in iterative image
reconstruction aiming at the recovery for the loss of
resolution due to the positron range [5,35].
5. Conclusion

Due to the longer positron range and cascade gamma
decay, the nonconventional nuclides normally cause
degraded spatial resolution and consequently lower RCs
than short-range positron emitting nuclides such as 18F. The
spatial resolutions of 61Cu, 68Ga, 94mTc and 86Y have been
extracted from line source phantom and compared to 18F.
The LSFs and PSFs were characterized by double Gaussian
functions. The RCs of the above nuclides have been
extracted for spheres of different diameters in an image
quality phantom. Our results show that the loss of RC is
caused by the loss of resolution due to the positron range.
The accurate characterization of the PSF allowed for
compensation of the loss in RC using calculated spill-over
and partial volume corrections. The dependence of apparent
sphere size as a function of ROI threshold was analyzed.
These data are helpful when one needs to extract lesion size
from PET images.
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