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Abstract. The influence of the positron distance of
flight in various human tissues on the spatial resolution
in positron emission tomography (PET) was assessed for
positrons from carbon-11, nitrogen-13, oxygen-15, fluo-
rine-18, gallium-68 and rubidium-82. The investigation
was performed using the Monte Carlo code PENELOPE
to simulate the transport of positrons within human com-
pact bone, adipose, soft and lung tissue. The simulations
yielded 3D distributions of annihilation origins that were
projected on the image plane in order to assess their im-
pact on PET spatial resolution. The distributions ob-
tained were cusp-shaped with long tails rather than
Gaussian shaped, thus making conventional full width at
half maximum (FWHM) measures uncertain. The full
width at 20% of the maximum amplitude (FW20M) of
the annihilation distributions yielded more appropriate
values for root mean square addition of spatial resolution
loss components. Large differences in spatial resolution
losses due to the positron flight in various human tissues
were found for the selected radionuclides. The contribu-
tion to image blur was found to be up to three times larg-
er in lung tissue than in soft tissue or fat and five times
larger than in bone tissue. For 18F, the spatial resolution
losses were 0.54 mm in soft tissue and 1.52 mm in lung
tissue, compared with 4.10 and 10.5 mm, respectively,
for 82Rb. With lung tissue as a possible exception, the
image blur due to the positron flight in all human tissues
has a minor impact as long as PET cameras with a spa-
tial resolution of 5–7 mm are used in combination with
18F-labelled radiopharmaceuticals. However, when ultra-
high spatial resolution PET cameras, with 3–4 mm spa-
tial resolution, are applied, especially in combination
with other radionuclides, the positron flight may enter as
a limiting factor for the total PET spatial resolution—
particularly in lung tissue.
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Introduction

Major factors influencing positron emission tomography
(PET) spatial resolution are the positron range, the non-
colinearity of annihilating photons, the intrinsic proper-
ties, the size and geometry of the detector and the selec-
tion of the reconstruction algorithm. In practice, patient
movements during long acquisition sequences also con-
tribute to the image blur. Aspects of the detector design
and physical properties and their influence on system
spatial resolution have been extensively addressed by
many authors, leading to a continuous optimisation of
hardware [1, 2, 3, 4, 5, 6]. The impact of the positron
flight (which does not represent the positron continuous
slowing-down range, a tortuous path due to multiple
scattering, but the linear distance from the positron
source to the annihilation point) on spatial resolution
has also been analysed. This has been done experimen-
tally [7, 8], through theoretical calculations based on an
empirical range formula [9] or by Monte Carlo calcula-
tions [10]. These studies share the same limitation of
having been performed using water as the reference me-
dium for positron interaction. Surprisingly enough, val-
ues reported in the literature show large discrepancies in
the full width at half maximum (FWHM) of the project-
ed positron flight around the source. Furthermore, the
exclusive use of data in water for clinical practice can
be rather misleading since positron interactions with
matter are influenced by both atomic composition and
tissue density. Thus, it is expected that the cloud of an-
nihilation points around the positron source will vary in
size and shape depending on the kind of tissue in which
the positron transport takes place. In order to assess the
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effect of the positron distance of flight on the image-
plane spatial resolution in clinical PET imaging, there-
fore, the positron transport should be modelled separate-
ly for each specific tissue. Such a detailed analysis may
be especially considered for high spatial resolution PET
applications. The aim of this paper was to assess the
positron flight contribution to spatial resolution losses
in PET imaging for some common positron emission
sources in various human tissues using the Monte Carlo
method.

Materials and methods

Principle of the method. The PENELOPE Monte Carlo system
[11, 12, 13] was used to simulate the transport of positrons and
their cascade of interactions in human compact bone (1.85 g cm−3),
adipose tissue (0.92 g cm−3), soft tissue (1.00 g cm−3) and lung tis-
sue (0.30 g cm−3). The different compositions for these human tis-
sues were obtained from ICRU [14] and ICRP [15].

Mono-energetic point isotropic positron sources in the energy
range from 25 keV to 3,325 keV, with a 25-keV sampling grid,
were situated at the origin of coordinates centered in a sphere of
homogeneous tissue Tj , with defined density ρj and a radius much
longer than the expected positron continuous slowing down range
in that medium. The transport of individual positrons with initial
kinetic energy Ei was simulated with a sampling positron interac-
tion step-length of 0.1 mm down to a cut-off energy of 1 keV. Be-
low this energy, the positron was assumed to form positronium
and annihilate. The probability for in-flight annihilation was also
included in the simulation process.

Given a radioactive point source emitting positrons with ini-
tial kinetic energy Ei in tissue Tj , the generated Cartesian coordi-
nates of each annihilation event were registered in a phase-space
file, representing the 3D annihilation point spread function

. This process yielded a database of functions
for each tissue and for each mono-energetic isotropic positron
emitter source. From this database, the corresponding annihilation
point spread functions for the positron spectra of carbon-11, nitro-
gen-13, oxygen-15, fluorine-18, gallium-68 and rubidium-82 in
different human tissues, , were obtained as the
weighted sum of the obtained discrete annihilation distributions,
according to:

(1)

where the weighting factors represent the positron

decay probability with energy Ei for the radionuclide , as ob-
tained from tabulated probability disintegration schemes [16; Ste-
phen M. Seltzer (National Institute of Standards and Technology,
Gaithersburg, USA), personal communications]. The sum of the
weighting factors was normalised to unity.

For assessment of the spatial distribution functions at the de-
tector level, the 3D volume of annihilation origins around each ra-
dionuclide point source was projected onto a perpendicular plane
by sampling along an arbitrary direction. 
The obtained image-plane annihilation point spread function

represents the one-dimensional probability distri-
bution function for positron annihilation around a point source of
radionuclide within a tissue Tj.

Influence of the positron flight on PET spatial resolution. The 
relative influence of the positron flight on the total PET spatial
resolution depends on the system spatial resolution of the camera.
This includes the intrinsic camera properties, the detector geome-
try-dependent non-colinearity of annihilation photons and the par-
allax errors due to various depths of interaction in the detector.
These factors were included in the analysis by convolving

with a Gaussian function representing the PET
system spatial resolution in the x-direction. The relative spatial
resolution loss due to the positron range was assessed in percent of
the system spatial resolution according to:

(2)

where and FWHMSystem respectively re-
present the full width at half maximum of the convolved data set
and the PET system spatial resolution.

represents the most probable estima-
tor of the total PET spatial resolution including both the camera
resolution and the positron range distributions. A more simple
spatial resolution estimator, commonly used for approximating the
total spatial resolution, may be obtained by calculating the root
mean square of the individual resolution components, according
to:

(3)

where FWHM(Tj , XA )Total represents the total PET spatial resolu-
tion. The parameter B is a measure of the image blur due to the
positron flight distribution. In order to analyse the accuracy of the
approximation given by Eq 3, as compared to direct convolution,
two alternative B values were selected and applied in combination
with a system spatial resolution of 3 mm. The selected B values
were, respectively, the FWHM (full width at half maximum) and
FW20M (full width at twentieth maximum).

Stability of the calculated annihilation point spread functions to
energy rebinding effects. In bone, adipose and soft tissue, energy
rebinding effects in the resulting annihilation point spread func-
tions could be of little significance due to the very limited positron
distance of flight for similar positron energies. In contrast, in 
lung tissue, where the positron flight is much larger, the results
could depend on the selected energy sampling grid. Hence,

were calculated using an energy sampling inter-

val of 50 keV and the corresponding and

values were compared with those obtained
with a narrow 25-keV sampling interval.

Results

The large differences in image blur due to the positron
flight in human compact bone, soft tissue and lung 
tissue from some characteristic positron point sources
are illustrated in Fig. 1. The corresponding one-dimen-
sional annihilation probability distribution functions

, as a function of distance from the point
source, are presented in Fig. 2 for each radionuclide and
for each of the selected tissues. All projected distribu-
tions of annihilation events were cusp shaped around the
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Fig. 1. Monte Carlo-calculated
distribution of annihilation
events around a positron point
source embedded in different
human tissues as seen in the
image plane of a PET camera

Table 1. Three alternative measures, FWHM, FW20M and FWTM, for assessing the spatial resolution loss due to the tissue- and radio-
nuclide-dependent positron annihilation point spread functions

Radionuclide Compact bone Soft tissue Adipose tissue Lung tissue

FWHM FW20M FWTM FWHM FW20M FWTM FWHM FW20M FWTM FWHM FW20M FWTM 
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

18F 0.18 0.42 0.65 0.19 0.54 0.91 0.19 0.58 0.97 0.37 1.52 2.70
11C 0.22 0.62 0.92 0.28 0.96 1.70 0.30 1.15 2.09 0.52 2.69 4.90
13N 0.26 0.72 1.14 0.33 1.26 2.12 0.37 1.55 2.70 0.62 3.50 6.50
15O 0.33 1.08 1.90 0.41 1.87 3.10 0.50 2.31 3.90 0.86 5.30 10.10
68Ga 0.36 1.29 2.30 0.49 2.12 3.70 0.57 2.67 4.30 0.98 6.10 11.50
82Rb 0.56 2.68 4.50 0.76 4.10 7.60 0.81 4.30 7.70 1.43 10.50 20.30

positron point source. Due to this characteristic shape,
all related FWHM values were well within the system
resolution of a modern PET camera (4–5 mm). The cor-
responding values, on the other
hand, varied from 0.65 mm in bone up to 2.7 mm in lung
tissue for 18F and from 4.5 mm in bone up to 20.3 mm in
lung tissue for 82Rb. This is illustrated in Table 1 togeth-
er with the values at the 20% level, .

The properties of the positron annihilation distribu-
tions are further illustrated in Table 2, which shows the
fraction of events within the selected widths of

. The fractions decrease with decreasing
tissue density and increasing positron energy. This may
be due to the different energy-dependent scatter proper-
ties of the considered media and their influence on the
positron transport mechanisms. Furthermore, the frac-

tions obtained within the selected levels of Table 2 are in
clear contrast to those obtained for a standardised Gauss-
ian distribution, normally taken as an estimator of the
system spatial resolution, where the corresponding con-
stant fractions for the FWHM and the FWTM are respec-
tively 76% and 97%.

The impact of the positron distance of flight on total
spatial resolution is illustrated in Fig. 3 as a function of
the system spatial resolution. These curves show the pos-
itron annihilation point spread distribution convolved
with Gaussian functions, representing various spatial res-
olution of the PET camera. The disturbing image blur
caused by the positron flight becomes increasingly im-
portant when aiming at high-resolution PET cameras,
with a system spatial resolution below 5 mm FWHM.
The higher the system spatial resolution, the higher is the
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Fig. 2. Projected annihilation point spread probability distributions normalised to 1.0 at zero distance
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Fig. 3. Relative spatial resolution loss (%) due to the positron distance of flight in various human tissues as a function of the system spa-
tial resolution (FWHM) of the PET camera
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contribution of the positron flight to the loss of spatial
resolution in the image plane. In a PET camera with
3 mm system resolution, for instance, the loss of spatial
resolution due to the positron distance of flight accounts
for 1.3% in bone and 3.5% in soft tissue but up to 22.5%
in lung tissue for 18F. The corresponding values were, re-
spectively, 2.9%, 9.3% and 45.0% for 11C and 37.9%,
68.9% and 167% for 82Rb.

The results obtained by estimating the total PET spa-
tial resolution using the root mean square method of
Eq. 3 are presented in Table 3. Also indicated are the de-
viations from the FWHM values obtained after direct
convolution, . From these results,
it is shown that the measure of the width at the 20% am-
plitude level, FW20M, seems to be a more representative
measure than FWHM in estimations of the spatial resolu-
tion losses due to the positron flight in PET.

Finally, the maximum deviation of the results ob-
tained by changing the sampling energy interval grid
from 50 keV to 25 keV in the Monte Carlo calculations
was negligible for all tissues and for all radionuclides.
Therefore the presented results are consistent with re-
spect to energy rebinning effects.

Discussion

The impact of the positron flight on spatial resolution in
PET imaging has often been considered but has general-
ly not been recognised as a major limiting factor for PET
spatial resolution. A drawback of most of these investi-
gations is that they have been restricted to positron trans-
port in water. However, the present work revealed large
differences in the slowing down of positrons before anni-
hilation for various human tissues. These findings may
be of clinical importance, especially in imaging of tu-
mours sited within or at the border of the lungs. In lung
tissue, the positron contribution to image blur was found
to be up to three times larger than in soft or adipose tis-
sue and five times larger than in bone tissue. Even
though tumour masses in the lungs may have a density
similar to soft tissue, positrons emitted close to their sur-
face will act to blur the tumour edge and impair their de-
tectability.

In clinical examinations with modern PET cameras,
with a spatial resolution between 5 and 7 mm (FWHM)
and in sole combination with 18F-labelled compounds,
the impact of positron flight on the PET image blur is
fairly low in all tissues, with the possible exception of

Table 3. Total PET spatial resolution, as assessed by root mean square of the positron range distribution and 3 mm PET camera spatial
resolution, according to Eq. <equationcite>3</equationcite>

Radio- Compact bone Soft tissue Adipose tissue Lung tissue
nuclide

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

Table 2. Relative fraction of events within the FWHM, the FW20M and the FWTM levels of the projected 

Radio- Compact bone Soft tissue Adipose tissue Lung tissue
nuclide

FWHM FW20M FWTM FWHM FW20M FWTM FWHM FW20M FWTM FWHM FW20M FWTM 
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

18F 49.8 79.0 89.7 39.3 69.9 84.2 37.1 68.9 84.1 26.5 63.3 81.8
11C 43.0 75.2 87.9 32.7 67.6 85.4 29.9 66.7 84.9 21.5 60.9 80.8
13N 40.3 72.9 86.1 30.5 68.3 85.3 27.5 68.0 85.8 19.4 60.1 80.6
15O 33.3 67.0 82.9 25.6 65.5 82.2 25.4 68.2 85.0 17.1 59.3 80.4
68Ga 31.4 66.4 83.5 25.4 65.1 82.0 25.3 68.4 83.5 17.1 60.1 80.9
82Rb 25.4 67.9 85.9 20.4 62.2 82.7 20.9 63.0 81.8 14.0 57.4 78.7

18F 3.00 (1.3%) 3.03 (~0%) 3.01 (3.2%) 3.05 (1.9%) 3.01 (2.2%) 3.05 (2.2%) 3.02 (17.7%) 3.36 (8.4%)
11C 3.01 (2.6%) 3.06 (~0%) 3.01 (8.2%) 3.15 (3.9%) 3.01 (10.9%) 3.21 (5.0%) 3.04 (30.1%) 4.03 (7.3%)
13N 3.01 (4.14%) 3.08 (~0%) 3.02 (11.2%) 3.25 (4.4%) 3.02 (15.4%) 3.38 (5.3%) 3.06 (36.6%) 4.61 (4.5%)
15O 3.02 (10.4%) 3.19 (5.3%) 3.03 (19.8%) 3.53 (6.6%) 3.04 (23.4%) 3.79 (4.5%) 3.12 (45.8%) 6.09 (5.7%)
68Ga 3.02 (13.2%) 3.27 (6.0%) 3.04 (23.0%) 3.57 (9.6%) 3.05 (25.6%) 4.02 (1.9%) 3.16 (48.0%) 6.79 (11.7%)
82Rb 3.05 (26.3%) 4.02 (2.9%) 3.09 (39.1%) 5.08 (~0%) 3.11 (38.5%) 5.24 (3.4%) 3.32 (58.6%) 10.9 (35.9%)

FWHMh and FWHMt represent, respectively, the use of FWHM and FW20M of the positron annihilation distribution in the root mean
square calculation. Values within parenthesis are the deviations (%) from FWHM of directly convolved data



the lungs. However, as shown by the results in Fig. 3,
this situation may change quite drastically with the de-
sign and application of ultra-high spatial resolution PET
cameras with 3–4 mm spatial resolution in combination
with alternative radionuclide-labelled radiopharmaceuti-
cals. The situation is even more critical in the design and
use of animal high-resolution PET cameras with a spatial
resolution in the order of 1–2 mm. In these cases, the
positron flight will be the limiting factor in lung tissue
regardless of the choice of radionuclide. For biochemis-
try and flow investigations in more dense tissues, 18F-la-
belled substances are to be preferred if the high spatial
resolution capacity of these systems is to be fully ex-
ploited.

The average range or the FWHM of the positron
flight distribution in water has been commonly used as a
measure of the spatial resolution losses due to the posi-
tron flight distribution in PET. However, as indicated by
the results of this work, the projected distribution of an-
nihilation origins around a point source has a shape that
differs from a Gaussian distribution. Hence, the conven-
tional measures like FWHM or FWTM of the positron
distribution do not accurately predict the spatial resolu-
tion losses in PET. Furthermore, a much lower fraction
of events are present within the conventional limits for
the positron annihilation distribution than for a corre-
sponding Gaussian function. The long tails of the ob-
tained annihilation probability distributions around the
positron source are likely to contribute to the image blur
with low-frequency components, mixed with those of the
scatter distribution. This has to be carefully considered
when selecting a single width parameter for estimating
the resolution losses according to Eq.3. The full width at
twentieth maximum measure, , was
found to produce values that were relatively close to
those obtained by convolving the annihilation distribu-
tion function with the (Gaussian) system resolution func-
tion for compact bone, soft tissue and adipose tissue. For
lung tissue, the differences remained fairly large and dis-
played a tendency to increase with increasing positron
emission energy.

The relative impact of positron flight on the total spa-
tial resolution in this work was analysed by assuming a
Gaussian-shaped system resolution of the PET camera.
This Gaussian function comprises the triangular-shaped
image blur due to detector size, the non-colinearity of
annihilation photons and the parallax errors due to the
varying depth of interaction of photons in the detectors.
No specific analysis of the individual impact of these
factors was made.

As opposed to well-known radiation transport Monte
Carlo systems in medical physics, such as EGS4 [17],
the PENELOPE Monte Carlo method used in this paper
does consider specific positron interactions instead of as-
suming positrons to behave like electrons. For our spe-
cific simulations, the main positron interaction processes
were considered to be elastic atomic scattering, inelastic

positron-electron scattering and annihilation, although
bremsstrahlung was also included. In PENELOPE, these
main processes are described by a screened Rutherford
restricted differential cross-section, from a first Born ap-
proximation obtained from the Sternheimer-Liljequist
generalised oscillator strength model and from a Heitler
restricted differential cross-section. This, in addition to
possible differences in the used positron spectrum distri-
butions for the different radionuclides and in the positron
scatter properties between water and soft tissue, might
explain the small differences between the spatial resolu-
tion data for water, as published by Levin and Hoffman
[10], and the corresponding data for soft tissue obtained
in this study.

The positron distance of flight represents an unavoid-
able limiting factor for the PET spatial resolution. Its in-
fluence cannot be eliminated by further hardware optimi-
sation; rather this will require new post-processing rou-
tines [18], such as shift variant restoration algorithms.
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