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A B S T R A C T

Purpose: Gallium-66 is a non-conventional positron emitter that stands out not only for its high potential to label
peptides, proteins and antibodies, but also because it can provide spatio-temporal information of relatively slow
physiological processes in the body due to its conveniently long half-life of 9.5 h. However, 66Ga emits the most
energetic positrons for PET imaging. The lack of information of the positron range effect on spatial resolution for
this positron emitter is an issue, particularly in preclinical imaging.
Methods: The line spread function (LSF) in tissue-equivalent materials with densities between 0.2 and 1.93 g/
cm3 was obtained with 66Ga and 18F. A complementary study with the NEMA NU 4-2008 image quality phantom
is also included.
Results: High-energy positrons moving in lower density materials produce far-reaching activity distributions.
The LSFs were characterized with Lorentzian-Gaussian fits, with spatial resolution (FWHM) in the 2.14–3.2 mm
range, and long tails extending a few tens of mm depending on the material type and density. A narrowing of the
LSF was observed for lung-equivalent materials, indicating the lack of enough material for the positron anni-
hilation to take place. The NEMA NU 4-2008 image quality phantom produced blurred images, notoriously
observed in the hot and cold cylinders used for evaluation of recovery coefficients (RC) and spill-over ratios
(SOR), producing very low RC and very large SOR.
Conclusions: Quantitative PET imaging with the non-conventional 66Ga is hampered due to the large range of its
high-energy positrons affecting both spatial resolution and activity concentration quantification.

1. Introduction

Spatial resolution and activity concentration quantification in
Positron Emission Tomography (PET) depends on several physical,
technical and biological factors. Positrons travel in tissue until they
annihilate into two 511 keV photons. It is well known that higher po-
sitron-energy results in a longer positron-range. The latter is a physical
factor that, together with the non-collinearity of the annihilation pho-
tons, degrade the spatial resolution in PET. In fact, positron-range is the
main detector-independent contribution to PET imaging blurring. To a
large extent, this can be corrected using different techniques (for in-
stance during image reconstruction) if accurate estimates of positron-
range are available. However, the existing estimates differ, and the
comparison with the scarce experimental data available is not reliable
[1]. Therefore, studying the positron-range in different tissues has be-
come of great interest, especially in modern scanners where one of the
aims is to refine spatial resolution which, consequently, can have an
improvement in image quantification.

Monte Carlo simulations have been developed to characterize the
transport of positrons in water, concluding in analytical expressions for
conventional radionuclides as 18F, 13N, 11C, 15O [2–4]. Other materials
than water have also been simulated [5,6], but an accurate assessment
of the consequences of positron-range in PET imaging requires a spe-
cific model for each tissue type. Monte Carlo simulations have con-
firmed that positron-range depends on the electron and physical density
of the surrounding media, the positron being more likely to travel long
distances in air than in water [7]. In comparison with experimental
studies carried out in water [8–10], to our knowledge only few ex-
perimental efforts have been related to the study of positron-range in
different tissue-equivalent materials [11,12].

Some works have addressed the question of how accurately should
positron-range effects be known to produce corrected high-quality PET
images of clinical interest and utility [13]. These studies point out the
necessity to fully understand and quantify the positron-range effect for
each combination of positron emitter and tissue type; once this is
achieved and, with the use of appropriate correction algorithms, it is
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possible to foresee noticeable changes in image quality. Positron-range
correction in image reconstruction is also of great relevance when
dealing with small-animal PET studies, or when radionuclides with
large positron range are involved [14,15].

The non-conventional PET nuclides that have emerged in the last
years offer great opportunities for the development of new radio-
pharmaceuticals for diagnostic and radiotherapy applications and are
an important part of the research that is being currently carried out.
Widely successful tests have been performed with conventional radio-
nuclides, producing images of excellent quality and proved quantifi-
cation capabilities. Unfortunately, this is not the case with high-energy
positron emitting radionuclides (such as 66Ga) which raises questions
about the ability to provide good quality images, questions that are
particularly relevant in small-animal PET scans. Gallium-66 is a non-
standard positron emitter that can be used in PET, with interesting
characteristics for practical radiolabeling of peptides, proteins and an-
tibodies, whose slower in vivo kinetics do not correspond to the much
shorter half-life of 18F [16]. The chemical properties of gallium make it
an ideal candidate to label monoclonal antibodies for the detection,
staging and therapy of tumors. Furthermore, the convenient 9.5 h half-
life of 66Ga may allow tumor imaging procedures with gallium citrate to
be performed on the same day it is administered [16,17] as well as a
valuable research tool for ligand screening and preclinical imaging
beyond 24 h [18].

The most abundant positrons emitted by 66Ga (50%) have the
highest energies considered for PET imaging. Evaluating this radio-
nuclide in terms of spatial resolution and its ability to deliver images
with high statistical quality and quantification capability is a challenge
[19]. It is well known that, for a radionuclide/radiopharmaceutical to
have clinical value, it is imperative to verify image quantification in
animal models and phantoms, before being applied in human studies.
This arises the great interest and necessity of studying the image quality
produced with this radionuclide in microPET scans using ad hoc
phantoms designed for small-animal imaging.

The aim of this work was to measure the effect of positron-range on
spatial resolution with a commercial small-animal PET scanner using
positron-emitters in two energy extremes: the commonly available 18F
(the radionuclide with the lowest positron energy emitted in PET and
used throughout in this work as a reference), and the high-energy po-
sitron emitter 66Ga. This was achieved with two approaches:

a) A fundamental investigation through the determination of the line
spread function (LSF). To fully understand the positron-range effect,
tissue-equivalent materials of clinical interest were used (lung in-
hale and exhale, adipose tissue, solid water, trabecular and cortical
bone). Measurements with thermoplastic-polymer ABS, a material
widely used for 3D printing and useful for phantom manufacturing,
are also included.

b) A practical study of an image quality phantom for small-animal PET
imaging.

Since image quality for iterative reconstruction methods depends on
reconstruction parameters such as the number of subsets and iterations,
only the 2D filtered-backprojection reconstruction algorithm was con-
sidered.

2. Materials and methods

2.1. Positron-emitting radionuclides

Gallium-66 has a complex decay scheme with a half-life of
569.4 min decaying to 66Zn, 56% by beta plus and 44% by electron
capture, producing positrons, numerous prompt gamma rays, X-rays
and Auger electrons in wide energy intervals. The positrons emitted
involve transitions from the 66Ga ground state to several 66Zn excited
states as well as to its ground state (with a Q value of 5175 keV). The

most important contributions are essentially three +β decays, with
maximum energies of 4153, 924 and 362 keV as shown in Fig. 1 and
Table 1 [20,21]. Regarding the prompt gammas, they all are high-en-
ergy and could only enter the energy window through Compton scat-
tering, affecting the spatial resolution and increasing the random co-
incidence events, limiting image quality and quantification [17,22].

The 66Ga transitions produce an intricate continuum +β energy
spectrum, with maximum energy of 4153 keV (Fig. 2) [23]. For com-
parison, the spectrum produced by 18F (T1/2= 109.8min,

+Eβ max, =634 keV), the most widely used radionuclide in PET, is also
shown.

Both 18F and 66Ga, were produced at the Radiopharmacy-Cyclotron
Unit of the School of Medicine at the National Autonomous University
of Mexico (UNAM) with 11MeV protons using an Eclipse HP cyclotron
(Siemens Healthcare, Knoxville, TN, USA). The 18F solution was used in
the chemical form of FDG from the regular production for clinical ap-
plications. Gallium-66 was produced by the 66Zn(p,n) nuclear reaction
by methods previously reported [24]. Briefly, isotopically enriched 66Zn
(98.72%) was electroplated on Au-baking and bombarded with 11MeV
protons. After bombardment the target material was dissolved with
10M HCl and radiochemical separation was performed by cation ex-
change chromatography using AG50W-X4 resin (Bio-Rad, Hercules, CA,
USA). After radiochemical purification, the gallium fraction was eva-
porated to dryness and activity recovered in the chemical form of gal-
lium chloride (GaCl3) with 0.05M HCl.

2.2. PET studies

Experiments were performed using a microPET Focus 120 (Siemens
Preclinical Solutions, Knoxville, TN, USA, previously Concorde
Microsystems). A spatial resolution of 1.18mm (FWHM) using a 22Na
point source with a nominal diameter of 0.25mm has been reported for
this small-animal scanner [25]. The activity used in all experiments was
measured with a Capintec CRC-15R well-counter. To minimize random
coincidence contributions, activities below 5.18MBq (140 µCi) were
used, that produced dead-time values of around 3%.

Due to technical problems with the use of a 57Co long-decayed
source, transmission scans for attenuation correction were not per-
formed. It has been reported that the absence of this correction does not
affect spatial resolution measurements [26]. However, attenuation re-
duces activity concentration values measured in the reconstructed PET
images, which may influence in the interpretation of the image quality
phantom. A further discussion on these issues is presented in Section
2.4.

2.3. Line-sources

Nylon capillary tubes gauge G19 (0.69mm and 1.08mm internal
and external diameters, respectively, 0.19mm wall thickness and

Fig. 1. Simplified +β decay scheme of 66Ga to 66Zn, showing the three most
important +β contributions [20,21].
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0.95 g/cm3 density) were filled with a water solution containing
3.7 MBq/ml (100 μCi/ml) of 18F and 0.93MBq/ml (25 μCi/ml) of 66Ga
at the start of each experiment. The length of the capillary was chosen
between 25 and 65mm depending on the configuration of the phantom.
To prevent leakage, the capillary was sealed in both ends with model-
ling clay.

The line-sources were placed in the middle of tissue-equivalent cy-
lindrical phantoms (Computerized Imaging Reference Systems, Inc.,
Norfolk, VA, USA), with mass densities in the range of 0.20–1.93 g/cm3.
Table 2 summarizes the most important properties of these materials.
The cylindrical phantoms had a length of 20mm and a diameter of
30 mm, except for the lung-equivalent materials which had a 60mm
diameter. These diameters were chosen to represent a typical mouse-
like transaxial dimension (or rat, in the case of the lung-equivalent
tissue) as per NU 4-2008 standards [27] where the rodent-like size
phantoms are between 25 and 50mm in diameter. Using phantoms
with diameters larger than 60mm would be unrealistic for small-animal
imaging.

The measurements considered the use of only one phantom (i.e. a
single material, see Fig. 3) or the combination of different materials,
piled up one after the other, to evaluate any effect while increasing the

material in the axial direction. The duration of the scans was 20min
with the cylindrical phantoms parallel and centered along the axis of
the scanner. An energy window of 350–650 keV was used in all cases.

2.4. Image quality phantom NEMA NU 4-2008

The NEMA NU 4-2008 protocol [27] was used to evaluate the image
quality that can be attained with the microPET Focus 120 in conjunc-
tion with i) 18F, as reference, and ii) 66Ga. A mixture of water with
3.7 MBq (100 μCi) of 18F or 5.0 MBq (135 μCi) of 66Ga were used to fill
the whole phantom (the fillable volume being approximately 21ml).
The phantom was aligned with the axial direction of the scanner, set-
ting an energy window of 350–650 keV and a 20min acquisition time.

The image quality (IQ) phantom has several sections designed to
evaluate recovery coefficients (RC) and spill-over ratios (SOR). These
parameters were calculated as described in the NEMA NU 4-2008
protocol.

Regarding scatter correction, Bahri and collaborators [28] indicate
that scatter contamination is low for small rodent studies and should
not necessarily be corrected. Certainly, due to the small mouse-size IQ
phantom, the scatter fraction is only 11.6% for the experimental con-
ditions used in this study, in particular for the established energy and
coincidence windows [25]. Consequently, scatter correction is not
compulsory in this case. The effect of the attenuation correction is
larger, approximately 20% [29]. Hence, the importance of including
the 18F studies as reference. Given that the attenuation of the 511 keV
annihilation photons is independent of the positron range (that is, it is
an effect independent of the positron emitter), we expect the same at-
tenuation effect in both 18F and 66Ga.

2.5. Image reconstruction parameters

According to the NU 4-2008 standards, the reconstruction should be
performed with the method and the parameters recommended by the

Table 1
Physical properties of the most prominent positrons of 66Ga. 18F is included for comparison purposes [20,21].

Radionuclide Half-life β+ probability Positron energy (keV) Range in water (mm)

(min) (%) +E β mean, +E β max, Rmean Rmax

66Ga 569.4 50.0 1904.1 4153.0 9.3 21.2
3.7 397.1 924.0 1.3 4.0
0.94 157.0 362.0 0.3 1.1

18F 109.8 96.7 249.8 633.5 0.6 2.4

Fig. 2. Theoretical positron energy spectra (normalized to the area under the
curve) for 18F and 66Ga. Data from [23].

Table 2
Physical properties of the tissue-equivalent materials and the thermoplastic-
polymer (ABS) used in this work. Notice how adipose, solid water, ABS and
trabecular bone have very similar density values.

Material Physical density
(g/cm3)

Density relative
to solid water

Electron density
(×1023 e/cm3)

Lung inhale 0.20 0.19 0.634
Lung exhale 0.50 0.49 1.632
Adipose 0.95 0.93 3.171
Solid water 1.03 1.00 3.333
ABS 1.07 1.04 3.466
Trabecular bone 1.16 1.13 3.730
Cortical bone 1.93 1.87 5.956

Fig. 3. Diagram of the plastic capillary filled with the radioactive substance
inserted at the center of the cylindrical phantoms with different configurations.
All the phantoms had 30mm diameter, except for the lung-equivalent mate-
rials, which had a 60mm diameter.
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manufacturer. However, these recommendations are not given specifi-
cally by the manufacturer of the microPET Focus 120 scanner.
Therefore, the reconstruction of the tomographic images in all the
microPET studies was performed after Fourier rebinning with 2D fil-
tered-backprojection (FBP) using a ramp filter and cut-off frequency of
0.5. Reconstructed PET axial image size was 512×512 pixels, with
0.216mm pixel size and 0.815mm slice thickness. The choice of using
analytical FBP was based on its linearity, allowing easier control of the
spatial resolution and noise properties in the reconstruction.

3. Results

3.1. Spatial resolution

To improve statistics, the data of ten contiguous middle tomo-
graphic images were averaged along the line-source axis. As established
by Alva-Sánchez and collaborators [12] the radial profile of a line-
source directly represents the line spread function, aPSF2D(δ); these
distributions were obtained and analyzed for all tissue-equivalent ma-
terials.

An interesting feature of the aPSF2D(δ) for 66Ga is its shape: in all
materials these distributions showed a cusp-like peak with long tails of
different extensions. To illustrate this, Fig. 4a shows the radial profiles
for adipose and cortical bone for both radionuclides (18F and 66Ga)
normalized to the maximum intensity at =δ 0 mm. While for 18F and
other positron-emitters it is possible to represent the line-source image
profiles using double gaussian functions [12,30], in the case of 66Ga the
use of a double gaussian did not produce good fits. Instead, the cusp-
like profiles required the combination of a narrow Lorentzian and a
wide Gaussian function, with the Lorentzian function given by:

=

+
−( )

δ aL( )
1 δ δ

b

20

This equation involves the determination of two parameters (a and
b), assuming =δ 00 . Parameter a is the maximum value of the singly
peaked function while b is the distance where half its maximum value
has been reached ( =FWHM b2 ). The Lorentzian functions for adipose
tissue, solid water, ABS, trabecular and cortical bone had a FWHM of

±2.64 0.30 mm, while the corresponding Gaussian functions had
FWHMs in the 5.6 to 13.8 mm interval. The weighted sum of squared
residuals (chi-squared) for these Lorentzian-Gaussian fits were in the
0.002–0.009 range. An example of a Lorentzian-Gaussian function fit to
the data for adipose-tissue is shown in Fig. 4b.

According to the standard interpretation [30], the width of the
central part of the aPSF2D(δ) (in our analysis, Lorentzian functions)
would be related to the intrinsic scanner resolution and reconstruction
algorithm, while the long tails (Gaussians) would be associated with

positron range. However, our data show that the Gaussian-shape as-
sumption for the intrinsic scanner resolution and reconstruction algo-
rithm is lost for the high-energy emitting 66Ga as, in this case, the po-
sitron range is the dominant effect and cannot be entirely decoupled.

The line-source image profiles normalized to the maximum intensity
(at =δ 0 mm) for all materials were plotted using a semi-logarithmic
scale (Fig. 5). It can be observed that all materials display a comparable
positron-range effect when using the low-energy emitting radionuclide
(18F); only the lung-exhale material shows a slightly longer tail. The
same behavior of the aPSF2D(δ) for all materials can be associated to
three major contributions: intrinsic scanner resolution, reconstruction
algorithm and finite line source diameter, with negligible contribution
from positron range. Our results for 18F in water are very similar to
those reported by Liu and Laforest [30] in spite of having used different
line sources, and have a very good agreement with those reported in
[12] for all the tissue-equivalent materials used.

In contrast, the positron-range effect is very drastic for 66Ga, in-
creasing considerably the tails. Their extension covers a range between
8 and 20mm, depending on the material mass density, confirming that
higher energy positrons travelling through lower density materials
produce longer tails. These results complement and are in good
agreement with previous data reported by our group [12]. However, an
unexpected behavior is observed for the two lung-equivalent materials,
as there is a narrowing in their shape.

To explore if the aPSF2D(δ) distributions for 66Ga could present a
unified behavior when scaling the radial distance with material density
as performed in [1,4], the profiles in Fig. 5 were plotted as a function of
δρ where ρ is the material density taken from Table 2. The resulting
profiles (not shown) do not overlap after density scaling. This can be
explained by considering that our spatial resolution measurements in-
clude several contributions besides positron range, namely: scanner
resolution, source size, photon non-collinearity and image reconstruc-
tion, which do not depend on material density.

It is generally accepted that a description of the aPSF2D(δ) dis-
tributions through their full-width at half-maximum (FWHM), at tenth-
maximum (FWTM), at twentieth-maximum (FWTwM) and at fiftieth-
maximum (FWFM), gives a convenient measure of the resolution
blurring. These parameters were extracted from the data in Fig. 5 using
linear interpolation (as indicated in [27]) and presented in Table 3.

To better identify a trend in the data, Fig. 6 shows the resulting
values as a function of the tissue-equivalent materials density for both,
18F and 66Ga. The data for 18F clearly shows a gradual enlargement of
the aPSF2D(δ) tails with decreasing material density; this behavior is
also observed for 66Ga although the widening of the aPSF2D(δ) is very
severe (note the different vertical-axis scale in the graphs). Once again,
a marked change in the tendency of the distribution widths occurs for
the lung-equivalent materials owing, most probably, to positrons

Fig. 4. Normalized aPSF2D(δ) distributions: a) cortical bone (solid lines) and adipose (dashed lines) tissues for 18F and 66Ga; b) adipose-tissue data for 66Ga together
with a nonlinear least-squares fit using the sum of a narrow Lorentzian and a wide Gaussian.

M. Rodríguez-Villafuerte, et al. Physica Medica 67 (2019) 50–57

53



traversing longer distances before annihilating.
A compilation of the data reported by our group [12] together with

the results presented in this work, offers an excellent opportunity to
show the behavior of aPSF2D (in terms of its FWHM, FWTM, FWTwM
and FWFM for every tissue-equivalent material) as a function of the
positron maximum energy for different radionuclides. This is shown in
Fig. 7 for four positron emitters: 18F, 13N, 68Ga and 66Ga with +Eβ max, of
634, 1198, 1899 and 4153 keV, respectively. It can be observed that, for
materials with physical density ≳1 g/cm3, there is a gradual widening
of the aPSF2D(δ) with increasing +β maximum energy; there is up to an
order of magnitude difference in the FWFM values compared to the
corresponding FWHMs for all the tissue-equivalent materials except
lung. This behavior is lost for both types of lung tissue, being more
appreciable for lung inhale, with density of only 0.2 g/cm3. In these two
cases (lung inhale and exhale) a compression of the aPSF2D(δ) is clearly
observed, which can be attributed to positrons exiting the phantoms
before annihilation, i.e. there is a lack of material to ensure positron
annihilation.

At this point, it is pertinent to discuss the robustness of the spatial
resolution results shown in Figs. 5–7 considering the following two
aspects:

a. Cylindrical phantom length.
b. Finite scanner spatial resolution.

Cylindrical phantom length. As mentioned in Section 2, the phantom

diameters (30 or 60mm, depending on the material density) were
chosen to represent rodent-like size phantoms, all with 20mm length.
Positrons with enough energy traversing a low-density material have a
high probability of escaping from the phantom with a partial con-
tribution to the long tails of the distribution. For a very long phantom,
compared to the positron range, annihilations detected within a given
slice could involve tracks with any direction. For the low-energy posi-
trons emitted from 18F, the phantom is long enough for all the anni-
hilations to take place within the cylindrical volume. This does not
necessarily apply for the 66Ga high-energy positrons.

The experimental results from piled-up phantom material for 66Ga
did not change the shape nor the extension of the aPSF2D for all ma-
terials except both lung tissues. For lung tissues, a slight increase in the
extension of the tails was observed, with a maximum difference of 14%
in their FWFM. The shape of the curves in Figs. 6 and 7 did not change
the trends observed for this type of tissue

This analysis suggests that the limited phantom length had only a
small effect in the spatial resolution results for all cases except 66Ga in
lung tissue, in which positron range exceeds the phantom dimensions.

Finite scanner spatial resolution. As mentioned previously, the FWHM
and FWTM values provide a conventional measure of resolution blur-
ring due to any given factor, including positron range. However, in the
case of cusp-like functions (like the ones obtained for 66Ga), these
parameters depend on the bin size [2,4]. In this work, the bin size is
established by the finite scanner resolution, and the maximum values of
the profiles shown in Fig. 5 do not necessarily correspond to the real
values due to the smoothing introduced by the bin size. While a
smoothing of the cusp will not change the overall shape of the dis-
tribution, it will reduce the maximum value and thereby increase the
FWxM widths, as these are measured relative to the maximum value.
The effect will be determined by the narrowness of the cusp and can
therefore depend on the material density. Unfortunately, the real cusp
shape cannot be known with precision due to the scanner spatial re-
solution.

3.2. NEMA NU 4-2008 image quality phantom

Fig. 8 shows the tomographic images corresponding to the spill-over
ratio and recovery coefficients sections of the NEMA NU 4-2008 image

Fig. 5. Normalized aPSF2D(δ) functions for 18F (left) and 66Ga (right) for different tissue-equivalent materials.

Table 3
Full-width at half-maximum (FWHM), tenth-maximum (FWTM), twentieth-
maximum (FWTwM) and fiftieth-maximum (FWFM) of the aPSF2D(δ) dis-
tributions for 66Ga and the materials used in this study. Units in mm.

Material FWHM FWTM FWTwM FWFM

Lung inhale 2.14 ± 0.11 6.3 ± 0.4 9.6 ± 0.4 17 ± 4
Lung exhale 2.42 ± 0.11 8.0 ± 0.4 13.5 ± 0.4 25 ± 2
Adipose 3.12 ± 0.11 11.1 ± 0.2 16.6 ± 0.4 23 ± 4
Solid water 2.98 ± 0.11 10.6 ± 0.2 15.7 ± 0.4 22 ± 3
ABS 2.78 ± 0.11 10.9 ± 0.4 16.4 ± 0.4 23 ± 4
Trabecular bone 2.69 ± 0.11 10.0 ± 0.4 14.5 ± 0.4 20 ± 4
Cortical bone 3.20 ± 0.11 9.2 ± 0.4 11.7 ± 0.4 15 ± 4
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quality phantom for the two radionuclides used in this study. The
worsening in image quality is evident when using 66Ga; the substantial
blurring introduced by the high-energy positrons of 66Ga makes it very
difficult to identify the complete set of hot cylinders; the 2 and 3mm Ø
cylinders can be barely visualized while the 1mm Ø cylinder is missing.
On the other hand, the cold cylinders filled with air and water show an
artificial increase in activity.

Taking the air and water cold cylinders, as well as the contour of the
uniformity phantom section (not shown) as a reference, the tomo-
graphic images for the two radionuclides were registered to aid in
identifying the hot-cylinder positions. Regions of interest were de-
limited for the 18F images as per the NEMA NU 4-2008 protocol in-
structions [27] and taken as a basis for the evaluation of the recovery
coefficients (Fig. 9) and spill-over ratios (Table 4) for the 66Ga images.

Our 18F RC values for all rod diameters are in good agreement with
previously reported values [28]. As expected, the RC is close to unity
for the 5mm diameter rod, where the partial volume effect is relatively
small. However, for 66Ga only 4 hot-rods were identified (two of them
barely); the maximum RC is only 0.43 for the largest cylinder (5 mm
diameter), far below unity (the ideal value). The high-energy positron
range of 66Ga produced a drastic effect in the spill-over ratios of water
and air, with values as large as 0.49 (± 0.03) and 0.27 (± 0.01), re-
spectively. These values are unlikely to be reduced by applying at-
tenuation corrections, since the effect of positron range, with positrons
annihilating inside the cold cylinders, is larger than the attenuation of
the 511 keV photons in the phantom.

4. Discussion and conclusions

In this work, we investigated the impact that the positron range of
the high-energy positron emitter 66Ga has on reconstructed microPET

images of line sources (thin capillary tubes) inside cylindrical tissue-
equivalent phantoms with mouse-like dimensions. The radial profiles
taken from the reconstructed images have a sharp peak with extended
tails which required a combined Lorentzian-Gaussian fitting function,
from which the FWHM, FWTM, FWTwM and FWFM were obtained and
compared to the same LSF measurements performed with 18F (in the
latter case, double-Gaussian fits provided a good description). In order
to present a sensible interpretation of our results, it is appropriate to
separate our analysis into two parts: i) tissue-equivalent materials with
densities ≳1 g/cm3, and ii) lung-type tissues. In the first case, while for
66Ga the FWHMs of the narrow Lorentzian fits presented a mean value
of ±2.64 0.30 mm, the corresponding result (originating from Gaussian
fits) for 18F was ±1.61 0.14 mm. The comparison of the aPSF2D tails in
terms of the FWTwM is more difficult to simplify with a mean value;
while for 18F these tails extend to radial distances between 5.0 and
5.3 mm, for 66Ga these values range between 11.7 and 16.6mm. The
widening of the aPSF2D for the high-energy positron emitter, together
with the change in the shape of the function that describes its behavior,
shows evidence of the large impact that positron range in tissues has
with physical density similar or larger than water, being in the case of
66Ga, the dominating factor on the spatial resolution of the re-
constructed PET images. The complete set of data for these tissues
(FWHM, FWTM, FWTwM, FWFM) allows us to draw two important
conclusions:

a. Higher energy positrons moving in lower density materials produce
longer tails (Fig. 6). These results agree with previously reported
findings.

b. The extension of the tails shows a monotonically increasing beha-
vior with the positron maximum energy (Fig. 7).

Fig. 6. Full-width at half-maximum (FWHM), tenth-maximum (FWTM), twentieth-maximum (FWTwM) and fiftieth-maximum (FWFM) of the aPSF2D(δ) distributions
as a function of the tissue mass density. Note difference in scales for 18F and 66Ga.
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Fig. 7. FWHM, FWTM, FWTwM and FWFM of the aPSF2D(δ) functions shown in Fig. 5 as a function of the +β maximum energy for six tissue-equivalent materials.
There is a monotonic widening of the aPSF2D(δ) as the positron energy increases, except for lung-equivalent tissues.

Fig. 8. microPET study of the NEMA NU 4-2008 image quality phantom. The
images represent an average of 10 axial slices over the spill-over ratio and re-
covery coefficients regions, respectively. Dimensions in mm.

Fig. 9. Recovery coefficients for 18F and 66Ga measured with the NEMA NU 4-
2008 image quality phantom.
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Our results for the two types of lung and 66Ga show a narrowing of
their aPSF2D, producing a divergence in the trend observed in the other
tissues. This contraction can be attributed, most probably, to positrons
traversing longer distances before annihilating. That is to say, there is
not sufficient material for the positron annihilations to take place. This
hypothesis is sustained by results reported by Kemerink and colla-
borators [11] for 124I ( +Eβ max, =2.1MeV) in lung-equivalent materials.
Although their experiment was performed with a clinical PET/CT
scanner, the use of foam (as substitute for lung tissue) produced an
artefact in the tails of the intensity profiles, which were explained in
terms of positrons stopping in dense cardboard surrounding the foam
phantom. Our results indicate that 66Ga range distributions degrade the
image resolution for all tissues (as demonstrated by the recovery
coefficients shown in Fig. 8) and, on the scale of small animals, lung
tissue cannot be expected to be resolved at all when this high-energy
positron emitter is used.

The plot of our results for conventional (18F, 13N and 68Ga) and non-
conventional (66Ga) PET positron emitters provides a very useful means
of comparing the expected spatial resolution with positron maximum
energy between 0.6 and 4.0MeV in different tissue-equivalent materials
with physical density ≳1 g/cm3. This simple monotonically increasing
behavior of the spatial blurring and loss of resolution allows the pre-
diction of the positron-range effect for any other PET nuclide with
positron maximum energies within this energy interval.

Although 66Ga is a promising, relatively-long lived radionuclide to
label peptides, proteins, and antibodies to image relatively slow phy-
siological processes in the body, its long positron range markedly de-
grades the attainable spatial resolution, hampering quantitative mea-
surements for small-animal studies, not only affecting spatial resolution
but also image quantification. This was demonstrated using the NEMA
image quality phantom where the smallest 1 mm diameter hot-rod
could not be identified and the recovery coefficients are at least 60%
lower than those obtained using 18F in all the other hot-rods.
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