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Purpose: Measuring and incorporating a scanner-specific point spread function (PSF) within image reconstruction has been shown to improve spatial resolution in PET. However, due to the short
half-life of clinically used isotopes, other long-lived isotopes not used in clinical practice are used to
perform the PSF measurements. As such, non-optimal PSF models that do not correspond to those
needed for the data to be reconstructed are used within resolution modeling (RM) image reconstruction, usually underestimating the true PSF owing to the difference in positron range. In high resolution brain and preclinical imaging, this effect is of particular importance since the PSFs become more
positron range limited and isotope-specific PSFs can help maximize the performance benefit from
using resolution recovery image reconstruction algorithms.
Methods: In this work, the authors used a printing technique to simultaneously measure multiple
point sources on the High Resolution Research Tomograph (HRRT), and the authors demonstrated
the feasibility of deriving isotope-dependent system matrices from fluorine-18 and carbon-11 point
sources. Furthermore, the authors evaluated the impact of incorporating them within RM image
reconstruction, using carbon-11 phantom and clinical datasets on the HRRT.
Results: The results obtained using these two isotopes illustrate that even small differences in positron
range can result in different PSF maps, leading to further improvements in contrast recovery when
used in image reconstruction. The difference is more pronounced in the centre of the field-of-view
where the full width at half maximum (FWHM) from the positron range has a larger contribution to
the overall FWHM compared to the edge where the parallax error dominates the overall FWHM.
Conclusions: Based on the proposed methodology, measured isotope-specific and spatially variant
PSFs can be reliably derived and used for improved spatial resolution and variance performance
in resolution recovery image reconstruction. The benefits are expected to be more substantial for
more energetic positron emitting isotopes such as Oxygen-15 and Rubidium-82. © 2014 American
Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4870985]
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1. INTRODUCTION
Statistical image reconstruction algorithms incorporating
scanner-specific PSFs enable the relationship between image
and projection space to be accurately characterized and modeled within the system matrix. Such resolution recovery image reconstruction algorithms have been shown to improve
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both signal-to-noise ratio and spatial resolution, leading to
more accurate quantification.1 Despite the added complexity
of such algorithms, their aforementioned attributes have led
recently to their introduction on most commercial scanners.2, 3
Whether implemented in image or projection space, these algorithms are usually based on an accurate estimation of the
spatially invariant or variant PSF.4 Analytic calculations and
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Monte Carlo simulations can be used to estimate the physicsrelated component of the scanner’s system matrix including
crystal penetration, intercrystal scattering, photon noncolinearity, and positron range in the form of a spatially varying point spread function.5–9 However, models derived with
such methods need to be validated against data taken from
real measurements. Consequently, experimental evaluation of
the scanner’s spatially variant PSFs is the preferred method
for evaluating its spatial resolution characteristics and generating accurate system matrices to be used within resolution
recovery image reconstruction algorithms.2, 3, 10–16 Such measurements are usually performed using a point source, to sample the PSF at different locations in the field-of-view (FOV).
Since only a finite number of locations can be sampled, a
parameterization of the system’s response is used, with the
estimated parameters further fitted to smooth functions, such
as polynomials, to interpolate the parameters in the remaining not sampled positions. Due to the large number of PSF
samples needed, long lived isotopes not used in clinical practice such as Gallium-682, 12 and Sodium-223, 4, 11, 17 are usually the isotopes of choice. Although the PSFs measured with
these isotopes inherently incorporate positron range blurring,
in some cases these isotopes have a small positron range, in
which case can be ignored or the point source is encapsulated
in such a way that the positron annihilations are considered
to be localized within the point source casing. Either way, the
PSF models derived from such measurements are considered
to model only the detector related blurring.1 However, this
means that when these PSF models are incorporated within
image reconstruction, they do not correspond to the actual
blurring in the measured data, usually underestimating the
true PSF, owing to the difference in positron range, thus leading to suboptimal resolution recovery during reconstruction.
In whole body PET/CT scanners, this effect can only be of
importance when the difference in positron range between the
isotopes used to measure the PSF and of that used to perform
the imaging study (phantom or clinical study) is substantial.
This is true as the spatial resolution is dominated by scannerspecific resolution degrading effects and the PSF is less
susceptible upon changes in the isotope’s positron range.
However, in high resolution brain or preclinical PET imaging, the PSF becomes more isotope-dependent since all the
detector related resolution degrading effects account less in
the overall spatial resolution and positron range becomes the
limiting resolution degradation factor. Thus, over or underestimation of the true PSF is accentuated with potential benefits from using isotope-specific kernels within RM image
reconstruction.18–20
Positron range blurring being considered as an effect acting on image space could be modeled separately from the
detector blurring component.1 Such separable positron range
models have been reported in the literature using either analytic or Monte Carlo methods for both uniform 5, 19–23 and
heterogeneous media with varying properties.24–30 However,
these models again need experimental validation. Measuring
spatially variant isotope-specific PSFs from short-lived clinically used isotopes is very challenging owing to the rapid
decay and the multitude of positions that need to be samMedical Physics, Vol. 41, No. 5, May 2014
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pled and to best of our knowledge, experimental derivation
of isotope-specific PSF maps has not been reported before.
However, a previously proposed technique based on printing
an array of point sources to simultaneously sample the PSF
at multiple positions can facilitate measurements from shortlived isotopes (not previously practical with single source
acquisitions based on robotic equipment), enabling experimental isotope specific PSFs to be derived and used within
image reconstruction.10 In our previous work, we demonstrated the feasibility of using radioactive point source printing to derive experimentally measured kernels and evaluated
their application in the framework of resolution recovery image reconstruction.
In this work, we apply such a technique to demonstrate the
feasibility of deriving combined isotope-specific PSF maps
for two clinically used isotopes on the HRRT PET scanner.
Moreover, we evaluate the effect of positron range on the
spatially variant PSF. Following PSF estimation, we evaluate
the clinical impact of incorporating isotope-dependant PSFs
within image reconstruction31 using a recently implemented
fully 3D spatially variant resolution modeling (SVRM) reconstruction on the HRRT based on the ordinary Poisson ordered
subsets expectation maximization algorithm (OPOSEM).
2. METHODS
2.A. Point source production using fluorine-18
and carbon-11

Initial measurements were performed using two isotopes,
namely, fluorine-18 and carbon-11, with a half-life of ∼110
and ∼20 min, respectively. The mean positron range for
carbon-11 and fluorine-18 is 1.266 and 0.660 mm, respectively, with a theoretical difference of 0.606 mm between
them.20 Radioactive printing has been used previously to measure the resolution properties of PET scanners and such a
technique can provide fast, uniform, and reproducible sources
of arbitrary two-dimensional activity distributions.10, 15 In this
work, a printer was used to print an array of 11 × 15 (axially × radially) radioactive point sources, 1 mm in diameter with a 1.85 and 1.95 cm radial and axial sampling distance, respectively. Black ink was mixed with ∼1 GBq of
fluorine-18 and/or carbon-11 solution (0.1–0.2 ml) via injection into a modified cartridge. The array was printed once for
the fluorine-18 point sources while for the carbon-11 point
sources it was re-printed three times to boost the activity and
counteract the rapid decay and reduced counting statistics
compared to fluorine-18.
2.B. Scanning protocol

Following point source printing, the array was placed
horizontally in the HRRT FOV, using a custom made Perspex phantom, covering almost the entire radial (−12.95..
+ 12.95 cm) and axial (−9.75. . . + 9.75 cm) FOV (Fig. 1).
The phantom facilitated accurate and highly reproducible positioning of the array and provided tissue equivalent annihilating material for the positrons. The phantom was made out
of 2 Perspex endplates held by 4 Perspex rods with axial and
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parameter controlling the mixing of the two distributions.10
Specifically, each reconstructed kernel was modeled as


P SF (x, x ) =

2
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wi = 1,

i=1

(1)
Gi (x, μ(x ), (x )) =

F IG . 1. The HRRT scanner was used to sample and evaluate the isotopespecific PSFs. For this purpose, a custom made Perspex phantom tightly positioned in the FOV was used to sandwich an array of printed radioactive
point sources.

transverse dimensions equal to the HRRT’s bore, ensuring a
tight fit during positioning.32 Data were acquired in 64-bit
list mode format during two scanning sessions. In the first
session, the array was scanned for 20 min using fluorine-18
(∼100 million prompts), while it was scanned for ∼60 min in
the second session using carbon-11 (∼65 million prompts).
Following data acquisition, a 6 min transmission scan was
also acquired in both sessions for attenuation correction. The
data were histogrammed and reconstructed using standard
HRRT software without resolution modeling, including all
corrections for erroneous events (OP-OSEM, 10 iterations 16 subsets).33 Images were reconstructed in a 256 × 256
× 207 voxel grid, with a 1.21875 mm × 1.21875 mm
× 1.21875 mm voxel size (Fig. 2).
2.C. Parameter fitting and isotope specific resolution
modeling image reconstruction

Following image reconstruction, the PSFs were fitted in
image space using a Gaussian mixture model of two 3D Gaussians with axial, radial, and tangential mean and standard deviation components for each Gaussian, as well as a weighting
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where x and x are position vectors concerning the image
space and PSF kernel, Gi is the function describing a threedimensional Gaussian distribution and wi is the mixing proportion between the two Gaussian distributions. The matrices μ and  hold the first and second order moments of the
PSF (mean and covariance) for the radial, tangential, and axial
(γ , t, ζ ) components. The constants in front of the exponential
are normalization constants, such that the integral of Eq. (2)
is equal to 1. The Expectation Maximization (EM) algorithm
was used to estimate the parameters using the above Gaussian
mixture model (gmdistribution class - The Mathworks). In total, 13 parameters were estimated for each of the 165 point
sources and for both the fluorine-18 and carbon-11 arrays.
To estimate the parameters in the remaining positions in
the FOV, a further parameterization was used and the estimated PSF parameters at the measured positions were fitted to quadratic polynomial functions to interpolate the parameters at the unmeasured positions. Since the PSF on the
HRRT is almost invariant under axial transformations, the image space 3D PSF kernels for each isotope were precalculated
for a single slice and applied to all axial planes during image
reconstruction.15
The measured isotope-specific and spatially variant kernels
were incorporated in a previously developed spatially variant
image-space resolution modeling image reconstruction algorithm for the HRRT.31 The algorithm is a modified version of
the standard resolution modeling OP-OSEM algorithm used
on the scanner:33
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and
yi(t) =
F IG . 2. Horizontal planes through the reconstructed point sources using
fluorine-18 and carbon-11 along with zoomed and normalized 2D kernels.
The carbon-11 kernel appears less sharp with more activity spilling in the
surrounding voxels.
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where λ = {λj } ∈ RN , λj ≥ 0 is the unblurred image,
p = {pik } ∈ RM×N , pik ≥ 0 is the geometric components of
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the system matrix between the ith projection bin and the kth
image voxel, q = {qjk } ∈ RN × N , qjk ≥ 0 is the blurring component of the system matrix between the jth and kth image
voxels, s = {sk } ∈ RN is the sensitivity image, m = {mi } ∈
ZM , mi ≥ 0 is the projection data in the ith projection bin,
n = {ni } ∈ RM and a = {ai } ∈ RM are the normalization
and attenuation efficiencies in the ith projection bin, while
r = {ri } ∈ RM and sc = {sci } ∈ RM are the mean random
and scatter events, and t is the iteration number.
2.D. Evaluation of isotope-specific
system matrices

To assess the impact of using isotope-specific PSF compared to the standard PSF (being non-specific to the isotope of
the study to be reconstructed), we used carbon-11 datasets. To
assess the spatial resolution characteristics, we used carbon11 point source data and a single scan of the point source
array was acquired for 60 min collecting 69 × 106 prompts.
To evaluate bias-variance performance, the Esser image quality phantom was scanned. The 8, 12, 16, and 25 mm diameter hot cylinders were filled with carbon-11 with a 4:1
ratio over the warm background. Two 25 mm cylinders were
left empty and along with a 25 mm solid cylinder represented
cold regions. Data were acquired in list-mode for 120 min collecting 8.7 × 108 prompts. Data were analyzed qualitatively
as well as quantitatively. For quantification, the activity concentration from sample volumes taken from the cylinders and
the background was measured in a well counter after applying all necessary corrections (decay, dead time, background,
and volume corrections). Following the NEMA standards for
evaluating image quality (60 ROIs /per cylinder size over the
5 planes) two figures of merit were calculated and referred to
as the contrast recovery coefficient (CRC) [Eqs. (7) and (8)]
and image roughness (IR) [Eq. (9)]:34
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 · 1000/0 ,
CRCh,j =
(7)
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1
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N
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(9)

where Ch, j and Cc, j are the mean reconstructed activity concentrations (AC) for the jth hot and cold cylinders, respectively, Cbg, j is the mean reconstructed AC for the jth background cylinder averaged over the 60 ROIs of equal size, ah
and abg are the measured ACs in the hot cylinders and the
background, Cbg, j, k is the mean AC for the jth background
cylinder size and the kth ROI, Cbg, j, k, p is the reconstructed
Medical Physics, Vol. 41, No. 5, May 2014
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AC for the pth image voxel within the kth ROI for the jth
background cylinder, and Pbg, j is the number of pixels in the
jth background cylinder.
Finally, a single clinical [11 C]methionine dataset from a
patient with a grade II oligodendroglioma was used for qualitative assessment.35 The patient was injected on the scanner’s bed with 430 MBq of [11 C]methionine followed by a
60 min list-mode data acquisition and a 6 min transmission
scan for attenuation correction. Data acquired following the
first 10 min postinjection were histogrammed into a single
frame and used to evaluate the different PSF maps within the
reconstruction.
All carbon-11 datasets were reconstructed using 2 SVRM
reconstructions: the one using the fluorine-18 derived PSF
map, representing our standard spatially variant PSF map
available on the HRRT (nonisotope specific SVRM reconstruction) and the one using the carbon-11 derived PSF map,
representing the isotope specific PSF map (isotope specific
SVRM reconstruction). As such, the fluorine-18 based SVRM
reconstruction should underestimate the true PSF on the
carbon-11 datasets compared to the carbon-11 based SVRM
reconstruction which should provide a better match. For comparison, the datasets were also reconstructed using OP-OSEM
without RM (no RM),33 as well as with the HRRT user’s community spatially invariant RM (SIRM) reconstruction.36
3. RESULTS
3.A. Experimentally derived isotope-specific
system matrices

The tangential, radial, and axial standard deviation obtained from the Gaussian mixture model is plotted in
Fig. 3 as a function of radial distance for both the fluorine18 and carbon-11 derived PSFs. Data for each radial position were averaged across all 11 axial point source positions
in order to include more data points and reduce the variance in the estimated parameters since the image space PSF
on the HRRT can be considered almost invariant under axial
transformations.15 The standard deviation is plotted both for
the 1st and the 2nd Gaussian distributions used in our Gaussian mixture model. The 1st Gaussian accounts for the main
fast decaying part of the PSF and, therefore, has a smaller
standard deviation compared to the 2nd Gaussian, which accounts for the tails of the PSF and as such, is broader. The
kernels are broader in the axial direction followed by the radial and the tangential direction, which is in accordance to
previous measurements on the HRRT using the same printing technique.15 Looking across the two isotopes, carbon-11
appears to produce kernels with slightly larger standard deviation compared to fluorine-18 with the trend being evident in
both Gaussian distributions. However, the difference appears
to be more pronounced toward the centre of the FOV with
the standard deviation between the two isotopes being more
closely matched toward the edge of the radial FOV. This effect is more easily discernible in the standard deviation from
the 1st Gaussian as it appears less noisy compared to the 2nd
Gaussian due to the latter being more susceptible to noise
around the PSF tails. Since the PSF on the HRRT is almost
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F IG . 4. Parametric maps of the proportion coefficient between the 1st (i) and
2nd (ii) Gaussian distribution (sum to 1) for Carbon-11 (a) and Fluorine-18
(b) as well as the respective radial asymmetry for each isotope given as the
displacement between the radial means of the two Gaussian distributions in
voxel units (iii).
F IG . 3. Parameters further fitted to functions assuming smooth response
transitions to calculate a parameterized response throughout the FOV. Graphs
of tangential (i), radial (ii), and axial (iii) standard deviation versus radial distance (axially averaged) for the 1st (a) and 2nd (b) Gaussian and for both isotopes along with the corresponding quadratic fits. Similar fits were estimated
for every parameter.

invariant under axial and rotational transformations, parameter interpolation was used only radially, to describe its
variation as a function of radial distance.15 Having two Gaussian distributions to model the PSFs, each modeling a different component of the PSF, the difference between the two
isotopes with respect to the percentage contribution of each
Gaussian is of interest. Indeed changes to the Gaussian percentage contribution between different isotopes could provide
insights into the effect of positron range on the shape of the
scanner’s overall PSF, especially since the PSF attributed to
positron range is not exactly Gaussian but has a “cusp like”
shape.19 Parametric maps of the mixing proportions between
the two Gaussians are shown in Fig. 4, both for carbon-11 and
fluorine-18. Furthermore, Fig. 4(iii) shows the radial asymmetry given as the difference in the radial means between the two
Gaussians for the two isotopes. The percentage proportion of
the 2nd Gaussian is high in the centre of the radial FOV, while
the 1st Gaussian accounts for a larger percentage of the PSF
toward the edge of the radial FOV.
However, no apparent difference is seen between the two
isotopes potentially signifying that going from fluorine-18
[Fig. 4(b)] to carbon-11 [Fig. 4(a)], the increase in the standard deviation, especially toward the centre of the FOV, can be
equally attributed to an increase in the central fast decreasing
part of the distribution accounted for by the 1st Gaussian and
Medical Physics, Vol. 41, No. 5, May 2014

the slowly decreasing tails accounted for by the 2nd Gaussian.
Similarly, looking at the radial asymmetry and comparing it
across the two isotopes, no apparent difference is seen, with
the PSFs being equally asymmetric moving progressively toward the edge of the FOV and with a maximum displacement
of ∼1.3 voxels (∼1.6 mm) between the two distributions. This
agrees well with the theory since the asymmetry is caused by
the parallax error and, as such, it should be independent of the
positron range.
Parametric maps of the FWHM are shown in Fig. 5 for
fluorine-18 [Fig. 5(i)] and carbon-11 [Fig. 5(ii)] PSFs. For
both isotopes, the axial FWHM is the highest, followed by
the radial and tangential. A comparison between the two isotopes shows consistently higher FWHM values for carbon-11
in all directions with the axial FWHM increasing by ∼14%
(2.59–2.91 mm) at the centre of the radial FOV (z = 0, r =
0) and by ∼3.7% (3.78–3.92 mm) at the edge of the radial
FOV (z = 0, r = 12.9 cm). Similar variations are observed in
the radial and tangential FWHM. The difference in FWHM
between the two isotopes is visualized as a parametric image in Fig. 5 (iii). The quantitative difference in the FWHM
between the two isotopes can be summarized in Fig. 6. The
axial, radial, and tangential FWHM is plotted as a function
of the radial distance for the two isotopes with the box representing the FWHM axial deviation at each radial position
and the whiskers showing the 25th and 75th percentile. What
is immediately apparent is that the FWHM difference is more
pronounced in the centre of the radial FOV (also seen in Fig.
3) with differences up to ∼0.38 mm in the axial, radial, and
tangential FWHM, while at the edge of the radial FOV the
differences are less distinct (up to ∼0.2 mm).
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F IG . 5. Parametric maps of radial (a), tangential (b), and axial (c) FWHM
on the HRRT as a function of radial and axial distance for Fluorine-18(i),
Carbon-11(ii), and their difference (iii).

These results are in agreement with Fig. 3 and can be
explained by the small detector blurring effect that manifests
in a large contribution of positron range on the overall PSF
in the centre of the FOV as opposed to the edges where the
parallax effect is clearly the dominating resolution degrading
factor.
3.B. Evaluation of isotope-specific system matrices
within resolution recovery image reconstruction

The parameterized isotope-specific kernel maps were incorporated within the aforementioned spatially variant image
reconstruction algorithm using a factorized system matrix as
presented in Ref. 31. Evaluation was performed using carbon11 point source, phantom, as well as clinical datasets acquired
on the HRRT.
Figure 7 shows graphs of contrast recovery (CR) versus
image roughness (IR) for the 25 mm hot (i) and cold (ii)
cylinders in the Esser phantom, for up to 20 OSEM iterations
(16 subsets) using the four different reconstruction algorithms
introduced at the end of Sec. 2.D. In the cold cylinder, the
carbon-11 SVRM reconstruction has a ∼94% CR compared
to ∼92% for the fluorine-18 SVRM, ∼88% for the SIRM
Medical Physics, Vol. 41, No. 5, May 2014

F IG . 6. Box-Whisker plots of the radial, tangential, and axial FWHM versus
radial distance for Carbon-11 and Fluorine-18, where each box represents the
axial variation of the FWHM with the top and bottom showing the 25th and
75th percentile.

reconstruction, and ∼75% for the no RM reconstruction, at
the same variance level. In the hot cylinder, both SVRM reconstruction methods outperform the standard SIRM and no
RM reconstructions; however, no substantial difference can
be seen between the 2 SVRM reconstructions even after 20
iterations. Although the carbon-11 SVRM method should
provide a better resolution modeling due to the PSF kernel being more representative of data blurring caused by
positron range, it appears to converge slower compared
to fluorine-18 SVRM. Both follow the same bias-variance
path with the slower convergence on the carbon-11 SRVM
probably attributed to the broader PSF kernel with longer
tails and potentially more than 20 iterations are needed to
see any bias-variance performance improvement. Based on
the bias-variance graphs, images from a plane traversing the
seven hot and cold cylinders are shown in Fig. 8 for all the

052503-7

Kotasidis et al.: Isotope specific resolution modeling in PET imaging

052503-7

F IG . 8. Reconstructed images of the carbon-11 filled Esser image quality
phantom at matched variance level using (a) no RM (4 iter), (b) HRRT user’s
SIRM (12 iter), (c) fluorine-18 SVRM (16 iter), and (d) the carbon-11 SVRM
(20 iter) reconstruction.

F IG . 7. Percentage contrast recovery (CR) versus image roughness (IR) for
the 25 mm (a) hot and (b) cold cylinders from the carbon-11-filled Esser
image quality phantom using the four different algorithms.

reconstructions and at matched variance level (20th iteration
for the carbon-11 SVRM, 16th iteration for the fluorine-18
SVRM, 12th iteration for the SIRM, and 4th iteration for
the no RM reconstructions). The contrast improvements offered by the SVRM reconstructions are evident, however,
no substantial qualitative difference is observed between the
carbon-11 and fluorine-18 SVRM reconstructions. Nevertheless, the carbon-11 SVRM offers slightly improved contrast
especially in the small 8 mm cylinder, as can be seen from
the profile plot in Fig. 9 and slightly better resolution recovery at the boundaries. Gibbs artifacts appear in the phantom
boundaries in both SVRM reconstructions shown in Fig. 8;
however, these are not very pronounced. Furthermore, despite the kernel used in the carbon-11 SVRM reconstruction being wider compared to the one used in the fluorine-18
SVRM it does not appear to enhance them. Furthermore, no
Gibbs artifacts are clearly visible in the boundaries of the hot
cylinders.
The impact of the measured isotope specific kernels on resolution recovery is depicted in Fig. 10 where one-dimensional
profiles from the carbon-11 point sources are plotted at progressively increasing radial distance (20th iteration). Resolution recovery is more pronounced using the carbon-11
SVRM reconstruction despite its slower convergence compared to the fluorine-18 SVRM reconstruction, seen in the
Medical Physics, Vol. 41, No. 5, May 2014

bias-variance graphs from Fig. 7. However, at the 20th iteration all reconstructions have almost converged (after 15th
iteration no substantial change was seen, as point sources
is air converge relatively fast compared to hot cylinders in
warm background) showing the improved resolution characteristics obtained by using the isotope specific PSF within the
reconstruction.
Finally reconstructed images of the clinical [11 C]methionine dataset are shown in Fig. 11 for all methods, as well as
the difference between the isotope specific and non-specific
SVRM reconstructions (carbon-11 - fluorine-18). Data are
shown again at similar variance level using the same iterations for each reconstruction method, as in Fig. 8. Slightly
increased contrast is obtained in the carbon-11 SVRM reconstruction looking at the difference image, with the improvements located at the boundaries of regions with high activity

F IG . 9. 1-D profile through the reconstructed fluorine-18 SVRM (16 iter),
and carbon-11 SVRM (20 iter) reconstructions [Fig. 8 (c) and (d)].
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impact on the overall FWHM. In the centre of the radial FOV
differences of up to 0.38 mm FWHM were found between the
two isotope PSF maps, with smaller differences in the FWHM
at the edge of the FOV. Comparing these experimental values with the theoretical increase on the overall FWHM, going
from fluorine-18 to carbon-11, generally a good agreement is
obtained. Considering the empirical formula of Derenzo and
Moses,37, 38 the FWHM of the overall PSF can be described
as

(10)
fwhmoverall = k fwhm2positron + fwhm2other

F IG . 10. 1D profile through the reconstructed carbon-11 point sources using all four reconstruction methods. Using the carbon-11 SVRM methods
improved resolution recovery is obtained looking at the tails of the zoomed
PSF.

gradient and with a peak uptake difference in the tumor of
1%–1.5%. Increased contrast is also seen in the pituitary
gland where the lack of blood-brain barrier and the hormones
produced by it result in increased uptake of amino acid based
tracers such as [11 C]methionine.
4. DISCUSSION
From the results presented using a high resolution scanner,
such as the HRRT, where all the detector related resolution
degradation effects contribute less to the overall spatial resolution compared to a whole body scanner, even the small difference in positron range between fluorine-18 and carbon-11
is sufficient to affect the overall PSF. This effect is less distinct toward the edge of the radial FOV and can be attributed
to the fact that parallax error has a significantly larger contribution to the FWHM compared to the centre of the FOV
and any increase in the positron range will have a smaller

where k is a parameter between 1.1 < k < 1.3 depending
on the reconstruction algorithm and other effects apart from
positron range include noncolinearity, crystal size, parallax
effects, and position decoding accuracy. However, due to the
cusp-like shape of the positron range PSF, using the effective FWHM given as 2.35 rms is a more meaningful measure of the blurring caused by the positron range distribution,
as the positron range density function is very peaked and indices depending on the peak height, such as FWHM, are not
meaningful.19, 20 Taking into account a theoretical rms value
(in water) of 0.2 for fluorine-18 as reported by Derenzo,39
(k = 1.1) with a fluorine-18 based fwhmoverall of 2.6 mm (see
Fig. 5) at the centre of the FOV, the fwhmother is estimated
to be ∼2.3 mm. Using the estimated fwhmother of 2.3 mm
then and a theoretical rms value for carbon-11 of 0.39 mm,39
the fwhmoverall should increase by ∼0.12 mm, which is lower
than the maximum reported difference of 0.38 mm in Fig. 5.
However, using rms values reported by Fiedler et al.23 with
0.327 mm and 0.594 mm rms for fluorine-18 and carbon11, respectively, the theoretical increase in the fwhmoverall
is estimated ∼0.29 mm which provided a closer estimate to
the experimental difference in the FWHM between the two
isotopes.
It was observed that when using carbon-11, the increase
in the FWHM compared to fluorine-18 was variable, with the
spatial resolution degrading less toward the edge of the radial
FOV compared to the centre. Thus, it becomes evident that

F IG . 11. Clinical study of a patient scanned on the HRRT after being injected with 430 MBq of [11 C]methionine reconstructed with (a) no RM (4 iter),
(b) HRRT user’s SIRM (12 iter), (c) Fluorine-18 SVRM (using the standard nonisotope specific PSF map) (16 iter), and (d) the Carbon-11 SVRM (using the
isotope specific PSF map) (20 iter) at matched variance level, while (e) is the difference image between (d) and (c).
Medical Physics, Vol. 41, No. 5, May 2014
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as the positron range becomes more significant (being spatially invariant within the scanner), the impact of the spatially
variant parallax error on the FWHM is reduced, leading to
a less variant PSF maps. Using isotopes with even higher
positron range such as Rubidium-82, Gallium-68, or Oxygen15, will result in the overall FWHM to be dominated by the
positron range FWHM, effectively making the spatial resolution invariant throughout the FOV as the parallax error will
have a small contribution in the overall resolution. As such,
going to isotopes with higher positron range, even a spatially invariant PSF might be sufficient to capture the resolution degrading physics effects. Although such an effect
could be seen in high resolution brain and preclinical imaging, and is less likely to occur in whole body imaging, as
the detector related blurring effects and more specifically the
parallax error dominate the resolution characteristics of the
scanner.
In this study, we used two relatively short-lived isotopes
to successfully measure isotope specific PSF maps. However,
even with using a printing technique to sample simultaneously
multiple points in the FOV, it becomes challenging to derive
experimental isotope-specific PSF maps from more energetic
faster decaying isotopes. Thus, it is expected that scanning
Oxygen-15 or Rubidium-82 PSF maps can be quite challenging. Optimization of the printing and positioning protocols
though could make such a scan feasible. A different approach
would be to use a hybrid model to derive isotope-specific kernels from more energetic and faster decaying isotopes. Following experimental measurement of the spatially variant PSF
using fluorine-18 or any other long-live isotope, the isotope’s
theoretical positron range distribution could be deconvolved
from the overall PSF, leaving an experimental PSF including all the remaining resolution degrading effects.39, 40 Subsequently, isotope-specific PSF maps could be obtained by
convolving the theoretical positron range distribution of the
isotope of interest. Such an approach, although feasible, could
potentially generate noisy PSF maps due to the noise amplification during the deconvolution process. However, as parameters are further interpolated using quadratic functions, noise
amplification could be less of a concern.
The proposed methodology of experimentally estimating
and incorporating the isotope-specific blurring within a unified measured kernel is based on the fact that it considers the positron range distribution within a uniform tissue
equivalent medium. This approach constitutes a simplification due to the fact that positron range within the body is
heterogeneous, depending upon the material properties the
positrons traverse. A limited number of simulation and analytical based approaches have been previously reported trying to model this material dependent positron range blurring,
with varying levels of improvements compared to a uniform
positron range blurring as mentioned in Sec. 1. However, further evaluation is probably needed to demonstrate the potential improvements of these approaches against a uniform
positron range model and justify the added complexity in their
implementation.
Apart from investigating the feasibility of deriving measured isotope specific PSFs, we also evaluated their impact
Medical Physics, Vol. 41, No. 5, May 2014
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within isotope-specific resolution recovery image reconstruction. From the analysis performed on the Esser phantom, it
was found that improvements are more noticeable in small
structures and sharp edges. However, from the bias-variance
graphs it was seen that in the hot cylinder and up to 20
iterations, similar bias variance performance was observed using the fluorine-18 and carbon-11 SVRM, with the carbon11 SVRM reconstruction converging slower probably due
to the slightly broader carbon-11 kernels. This is to be expected though, given the small differences between the 2 PSF
maps, but also due to the fact that the bias-variance graphs in
Fig. 7 correspond to the largest 25 mm cylinder (as only
for this size both a cold and a hot cylinder are available in
the phantom) where the small difference between the 2 isotope specific PSF maps will have a smaller impact on the
bias-variance tradeoff. It is possible that after 20 iterations,
the carbon-11 SVRM reconstruction providing a better match
to the blurring in the carbon-11-filled Esser phantom, could
outperform the fluorine-18 based reconstruction even in the
largest of the cylinders. In clinical practice though even 20 iterations are considered to be excessive and time consuming
and, as such, any improvements in bias-variance are going to
be more subtle in larger hot regions with benefits mainly in
small hot spot. A better differentiation was observed between
the 2 PSF maps in cold regions with improvements visible
even after 10 iterations. Improvements in both cold and hot
regions might have been more notable if the cylinders were
also closer to the centre of the FOV (cylinders are ∼7 cm
from the centre of the phantom and FOV, given the scanner
and phantom z axis almost coincide) where the positron range
is more influential on the measured PSF maps and improvements using the carbon-11 as opposed to the fluorine-18 PSF
are expected to be slightly more pronounced. Again for more
energetic positron emitting isotopes where the positron range
becomes more substantial, the impact in bias-variance from
using isotope-specific SVRM reconstruction as opposed to
non-isotope specific SVRM reconstruction is expected to be
greater. It is also expected that improvements can be obtained
at less iterations despite the possibly slower convergence rate.
Furthermore, the higher the positron range of the isotope used,
the further away from the centre of the FOV improvements
are going to be noticeable using an isotope specific resolution
recovery reconstruction.
Differences of up to ∼1.5% were observed on the clinical
[11 C]methionine dataset. However, such difference between
the two PSF maps is likely to vary between patients depending
on the tumor size and its location in the FOV and be more pronounced for smaller tumors centrally localized in the scanned
FOV. With the standard analysis on the [11 C]methionine uptake data for evaluation of tumor infiltration to depend upon
the ratio of peak uptake to contralateral reference region uptake, a change in the peak uptake is important.35 Indeed, even
a small change can potentially impact tumor grading for diagnosis and treatment planning. Thus, even the marginal difference between the two PSF maps used in this study could
be of importance with more significant benefits to be gained
for tracers based on rubidium-82 or oxygen-15 used mainly
in perfusion studies.
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5. CONCLUSION
Experimentally measured PSF maps are now used on most
modern PET scanners with such information incorporated
within resolution recovery image reconstruction algorithms.
Previous methods for deriving such PSF maps using single source acquisitions necessitated the use of long-lived
positron-emitting isotopes different from those used in clinical practice. Consequently, the true PSF model is over or underestimated since the overall PSF incorporates the positron
range blurring of the isotope used to sample the PSF. Using
such PSF models within statistical image reconstruction
leads to suboptimal resolution recovery. As such, deriving
isotope-specific PSF, especially in high resolution brain and
preclinical imaging where the spatial resolution becomes
positron range limited, could help realize the full benefit of
resolution recovery image reconstruction algorithms. Using
the HRRT scanner and a printing technique for simultaneous
production of multiple point sources, we demonstrated the
feasibility of deriving measured detector and positron blurring
models from clinically used isotopes in a unified PSF map.
Furthermore, using carbon-11 datasets, we demonstrated
slight improvements in resolution recovery and bias-variance
performance using an isotope specific resolution recovery
reconstruction compared to the standard nonisotope specific
resolution recovery reconstruction despite the relatively small
positron range difference between fluorine-18 and carbon-11.
Using more energetic positron emitting isotopes, performance improvements are expected to be more substantial
given the substantial increase in positron range for isotope
such as oxygen-15 and rubidium-82. However, going to
more energetic isotope, which tend to decay faster, additional
challenges arise requiring further optimization of the current
methodology.
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