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A B S T R A C T   

We propose the use of 18O-enriched water as a suitable contrast agent for potential in-vivo range verification in 
proton therapy. The low energy production threshold of 18F (2.6 MeV, proton range in water of 115 μm) leads to 
tissue activation in very close proximity to the maximum dose deposition, facilitating accurate range verification 
with off-line PET imaging. 

This idea has been explored in a phantom experiment. A 3D-printed phantom containing inserts with 18O- 
enriched water was irradiated with a 100-MeV, 8 × 8 cm2 proton beam, and the induced activity was measured 
with a small-animal PET-CT 30 min after irradiation. The images obtained were compared against Monte Carlo 
simulation using TOPAS. 

Good agreement was observed between reconstructed and simulated activity profiles (within 40% for specific 
18F activity), with excellent spatial match to the simulated dose deposition. Because of the long half-life of 18F, 
the specific activity of the contrast agent could be separated and was clearly observed for more than 2 h after 
irradiation. Activity distribution maps were used to determine the position of the Bragg peak within 2 mm for 
three different regions of interest. These results show the potential of 18O-enriched water as a contrast agent in 
proton therapy.   

1. Introduction 

The number of proton therapy facilities to treat cancer has increased 
very rapidly in the last few years (Jermann 2018). The main advantages 
of protons over photon therapy are the larger dose deposited at the end 
of their range, known as the Bragg peak, and the absence of dose distal to 

it. Therefore, the accuracy in positioning the edge of the proton beam is 
crucial for precise dose delivery, i.e., ensuring a complete dose coverage 
of the tumor and constraining the dose to organs at risk (Paganetti 
2012). Several techniques have been proposed for in-vivo proton range 
verification including the use of PET imaging to measure the β+ isotopes 
produced by the proton beam through inelastic collisions inside the 

* Corresponding author. Grupo de Física Nuclear, EMFTEL, IPARCOS, Universidad Complutense de Madrid, CEI Moncloa, 28040, Madrid, Spain. 
E-mail address: dsparcerisa@ucm.es (D. Sánchez-Parcerisa).  

Contents lists available at ScienceDirect 

Radiation Physics and Chemistry 

journal homepage: www.elsevier.com/locate/radphyschem 

https://doi.org/10.1016/j.radphyschem.2021.109385 
Received 2 October 2020; Received in revised form 3 February 2021; Accepted 4 February 2021   

mailto:dsparcerisa@ucm.es
www.sciencedirect.com/science/journal/0969806X
https://www.elsevier.com/locate/radphyschem
https://doi.org/10.1016/j.radphyschem.2021.109385
https://doi.org/10.1016/j.radphyschem.2021.109385
https://doi.org/10.1016/j.radphyschem.2021.109385
http://crossmark.crossref.org/dialog/?doi=10.1016/j.radphyschem.2021.109385&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Radiation Physics and Chemistry 182 (2021) 109385

2

patient (Parodi et al., 2007a; Zhu et al., 2011). 
Indeed, while protons deposit their dose mainly through atomic in-

teractions, β+ isotopes are produced via nuclear interactions, which 
limits the applicability of PET imaging for proton beam range verifica-
tion, as no activation is induced at the end of the proton range in human 
tissues (Litzenberg et al., 1999). This is due to the fact that β+-emitters 
originating by proton-induced reactions on normally occurring isotopes 
in human body (mainly 11C and 15O) have a relatively high energy 
production threshold (España et al., 2011), so they will not be formed 
near the Bragg peak (España et al., 2011). 

Isotopes such as 18O, 68Zn or 63Cu, with high proton-induced reaction 
cross sections and a comparatively lower reaction threshold than natural 
elements, have been suggested as contrast media for proton PET range 
verification (Fraile et al., 2016; Cho et al., 2016a,b; Bäcker et al., 2019; 
Onecha, 2018; Espinosa, 2019). Incorporating such isotopes into irra-
diated tissues in a sufficiently high concentration would lead to an 
overlap of dose and activity peaks, facilitating Bragg-peak localization 
via PET. For these activated contrast agents to produce a strong enough 
signal, a high concentration of the contrast isotopes in the irradiated 
area is required. Among the contrast isotopes listed above, 18O repre-
sents approximately a 0.2% of naturally occurring oxygen. The use of 
18O-enriched water for in-vivo range verification in proton therapy was 
proposed by Cho et al. (Cho et al., 2013, 2016). In order to obtain high 
concentrated 18O-enriched water in the tumor area, they suggested the 
use of implantable markers or hydrogel fiducial markers. However, the 
clinical implementation of those techniques requires invasive proced-
ures and limits the visibility of the PET activation to the locations where 
the markers were placed. 

On the other hand, 18O-enriched water can be directly administered 
to the patient using less invasive procedures (intravenously, orally, 
subcutaneously) as it is a safe substance that can reach high concen-
trations in-vivo. These concentrations would be homogeneous in the 
tumor and surrounding areas, allowing for an enhanced PET range 
verification after irradiation. Indeed, single and doubly labeled water 
(H2

18O, 2H2
16O, 2H2

18O) have been used for decades for measuring energy 
expenditure and metabolism in free-living animals (Speakman 1998) 
and humans. Almost half a century of 18O usage in human metabolic 
studies has occurred without documented significant adverse effect. 
Consequently, 18O-water is considered safe for use in humans across the 
lifespan even when they are substituted in the body in a large fraction 
(IAEA, 2009). Stable isotopes have been used in studies of pregnant and 
lactating women, in young infants (including premature babies), and 
children of all ages (Klein and Klein, 1986; Jones and Leatherdale, 
1991). In addition, highly enriched (>97%) 18O-water is regularly used 
all around the world as a target for production of 18F for PET imaging 
and, for enrichments of less than 70%, it is moderately priced when 
purchased in large quantities. 

We studied the capability of 18O-enriched water as a potential 
contrast agent for in-vivo range verification in proton therapy using a 3D- 
printed phantom filled with jellified 18O-enriched water uniformly 
distributed along the proton path. The phantom was irradiated with a 
clinical proton beam at the West German Proton Therapy Centre (WPE) 
in Essen (Germany) and a PET scan of it was performed starting 30 min 
after irradiation. The activity measured in the PET scan was validated 
against Monte Carlo simulations. The activation produced from the 
contrast agent and its correlation with the observed proton ranges was 
studied at different post-irradiation times. 

2. Materials and methods 

2.1. Relevant reaction channels for 18O-enriched water 

In clinical proton range verification using PET, the intensity and 
temporal characteristics of the ß+ signal depend solely on the reaction 
cross sections for the accelerated protons impinging on different iso-
topes of the elements in tissue, mainly H, C, N and O. Thus, PET images 

will vary on a voxel-by-voxel basis depending not only on received dose 
and dose rate, but also on the different chemical and isotopical 
composition of each tissue type. Proton reactions in tissues have to be 
also considered when dealing with PET proton-range verification using 
18O-enriched water as a contrast agent. The main PET-isotope produc-
tion channels are listed in Table 1. In our experiment, we employ PLA 
plastic (see below) and water, and therefore the relevant reactions in 
naturally occurring isotopes are those arising from 12C and 16O. 

The main additional reaction due to the contrast under investigation 
is the 18O(p,n)18F one. It is well suited for our purpose because of the 
high production cross-section for 18O, and because the reaction product, 
18F, emits ß+ particles with a half-life of 109.77(5) minutes, as detailed 
in Table 1. 18F is indeed the source of positrons in 18F-fluorodeox-
yglucose, the most commonly used contrast agent for PET imaging. 

Relevant reaction cross-sections have been obtained from the EXFOR 
database (Otuka et al., 2014) and are detailed in Table 1. Experimental 
evaluated data were used when available. At high energies, calculations 
from optical model potentials with the TALYS code (Koning et al., 2007) 
version 1.9 are used to supplement the experimental data. Cross sections 
of choice are displayed in Fig. 1 as a function of energy. They were used 
in the Monte Carlo simulations discussed in the following sections. 

2.2. Experimental setup 

A 3D-printed cylindrical phantom with 5-cm diameter and 8-cm 
height was built in polylactic acid (PLA, (C3H4O2)n). It included 7 cy-
lindrical hollow inserts of 6-mm internal diameter. Three of them were 
filled with 1% w/v agarose (C24H38O19) gels containing 10% atomic 
18O-enriched water. The wall thickness was 0.5 mm for the cylindrical 
inserts, 1 mm for the external cylinder, and 2 mm at the beam entrance, 
except for the cylindrical inserts, which had no wall at the beam 
entrance. The external cylinder was filled with 1% w/v agarose gel 
containing distilled water. A sketch of the phantom is shown in Fig. 2. 

A wedge-shaped high-density polyethylene (HDPE) block with 
varying thickness between 10 and 60 mm and a 45-degree angle (see 
Fig. 2 for details) was placed proximal to the phantom to produce a 
continuous range variation in the transverse direction. The cylindrical 
phantom was arranged in order to produce different range positions on 
each of the three 18O-enriched water cylindrical inserts. A mono-
energetic proton field of 100 MeV (range in water 7.72 g/cm2, energy 
spread <0.5%, beam size 8 × 8 cm2) was used to deliver 20 Gy to the 
phantom in single irradiation with a total time of 113 s. The dose level, 
about an order of magnitude higher than clinical doses, was chosen to 
ensure sufficient signal-to-noise ratio for a proof-of-principle study. The 
experiment was performed in the fixed beam line treatment room of 
WPE, featuring an IBA universal nozzle. The proton beam was produced 
with an IBA ProteusPlus proton therapy treatment system with a 230 
MeV isochronous cyclotron. The proton field was delivered using the 
pencil beam scanning treatment technique. The expected proton ranges 
in the three selected inserts, after traversing different thicknesses of the 
wedge bolus, were 20, 29 and 46 mm for regions of interest (ROIs) #1, 
#2 and #3, respectively. 

An off-line PET scan was performed on the sample after irradiation 
using a β-CUBE PET scanner (Molecubes NV, Ghent, Belgium). This 
scanner has a diameter of 7.6 cm and an axial length of 13 cm (Krish-
namoorthy et al., 2018) and uses monolithic LYSO scintillator blocks. Its 
main characteristics are good spatial resolution (1 mm) and sensitivity 
(10%). The PET acquisition started 30 min after irradiation and data was 
acquired in list-mode for a 12-h period. At the end of the PET scan, the 
imaging bed was transferred to the X-ray scanner (X-CUBE, Molecubes 
NV, Ghent, Belgium) and a CT scan was acquired. The first 6 h of 
recorded PET data were reconstructed using two different time-frame 
protocols (24 consecutive frames of 15 min each and 6 consecutive 
frames of 60 min each) using the 3D-OSEM reconstruction software 
provided with the scanner, including attenuation correction but without 
decay correction. PET images were reconstructed with 192 × 192 × 394 
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voxels and a voxel size of 0.4 mm × 0.4 mm × 0.4 mm. 

2.3. Image analysis 

The individual activation for each isotope produced after proton 
beam irradiation was obtained as follows. Cylindrical ROIs with a 

diameter of 6 mm were drawn on PET images for each of the inserts 
filled with 18O-enriched water, as marked in Fig. 2. Depth activity 
profiles were obtained averaging the activity within each cylinder in 4- 
mm steps along the beam direction. This process was repeated for each 
of the reconstructed time frames with 15-min duration, and decay 
curves were obtained for each depth position and cylindrical insert. The 
decay curves were then fitted to a sum of exponentials including the 
decay for 11C and 18F in order to obtain the individual contribution for 
each isotope. Due to its very short half-life (122.4 s) 15O does not need to 
be included in the fit. In addition,13N was excluded due to its reduced 
production cross sections and relatively short half-life (see Table 1). The 
estimated integrated and maximum local 13N activities in the 18O- 
enriched inserts drop below 3% of that of 18F after the 4th reconstruction 
frame. 

2.4. Monte Carlo simulations 

Monte Carlo simulations were performed in order to obtain the depth 
dose distributions in the irradiated phantom and to compare the simu-
lated activation with the experimental results. Simulations were carried 
out using TOPAS (TOol for PArticle Simulation) (Perl et al., 2012), a 
Monte Carlo tool layered on top of Geant4 (Agostinelli et al., 2003; 
Allison et al., 2016). TOPAS version 3.2 was used with Geant4 version 
9.6p02x and default physics modules for electromagnetic and nuclear 
interactions. 

Proton-induced activation was obtained as the convolution (Parodi 
et al., 2007c) of the proton fluence and energy distribution and the 
nuclear reaction cross-sections (Otuka et al., 2014). The activation 
within the phantom was scored in a voxelized geometry with 1 mm × 1 
mm × 1.25 mm voxel size and each isotope was stored separately 
including 11C, 13N, 1⁵O, and 18F. The same regions drawn for the 
experimental data were used to produce depth activity and dose profiles 

Table 1 
Physical properties of18O compared to main available isotopes for PET proton range verification in human tissues (T1/2: half-life, ⌠max: maximum cross section, E(⌠max): 
Energy at the maximum cross section). .  

Isotope T1/2 [min] Reaction channel Reaction threshold [MeV] E(σmax) [MeV] σmax [mbarn] Integral of σ(E) for E < 20 MeV [MeV*barn] References 
11C 20.364(14) 12C(p,X)11C 

16O(p,X)11C 
14N(p,X)11C 

17.9 
3.1 
23.6 

45 
7 
70 

100 
231 
21 

0.11 
1.29 
0.001 

[1],[2] 
[3],[4] 
[4] 

15O 2.037(3) 16O(p,X)15O 14.3 50 75 0.058 [3],[5],[6],[7] 
10C 0.32180(7) 12C(p,X)10C 25.3 44 1 0 [9] 
13N 9.965(4) 14N(p,X)13N 

16O(p,X)13N 
8.9 
5.5 

25 
22 

33 
72 

0.17 
0.30 

[5],[8] 
[3],[4] 

18F 109.77(5) 18O(p,n)18F 2.6 5 500 2.66 [8] 

Data from [1] Measday et al. (1966), [2] Whitehead and Foster (1958), [3] Masuda et al. (2018), [4] Takács et al. (2003), [5] Sajjad et al. (1985), [6] Valentin (1965), 
[7] Akagi et al. (2013), [8] Hess et al. (2001) and [9] Matsushita et al. (2016). 

Fig. 1. Proton-induced evaluated reaction cross sections for the main channels 
involved in the irradiation experiment, including reactions on 16O and 18O, and 
on 12C. Insert: evaluated and available experimental cross section data (Hess, 
2001) for the 18O(p,n)18F reaction. 

Fig. 2. Left, center. Schematics of the 3D-printed phantom designed for this study. The 18O-enriched water filled cylinders, labeled as regions of interest (ROI) 1–3, 
are marked in blue. Right. Phantom arrangement during irradiation using a wedge-shaped HDPE block to produce a continuous range variation transverse to the 
phantom. The dashed line on the central picture indicates transversal cuts displayed in 2D activity maps later in the article. 

S. España et al.                                                                                                                                                                                                                                  



Radiation Physics and Chemistry 182 (2021) 109385

4

of simulated data. Ionization potential of regular water and 
18O-enriched water was fixed at 78 eV. Physical decay was applied to 
obtain activity profiles at different time points. The cross sections 
employed for the simulation are shown in Fig. 1. PET detection process 
is not explicitly included in the simulation. 

A proof-of-principle application of the Monte Carlo simulation is 
displayed in Fig. 3, where a 100-MeV monoenergetic beam is shot into 
(a) a homogeneous water phantom and (b) a homogeneous phantom 
containing 50% of water and 50% of 18O-enriched water. Note that the 
activity peak of 18F appears exactly at the location of maximum dose, 
and that the range of protons in 18O-enriched water is the same as for 
regular water, since neutrons do not contribute significantly to the 
stopping of protons (ICRU, 1994). This shows that the use of 
18O-enriched water for range monitoring would not need modifying the 
energy deposition profile in the target or affect the treatment plan in any 
way. 

3. Results 

The acquired PET images for the first 4 h of the PET scan (starting 30 
min post-irradiation) are displayed in Fig. 4, overlaid with the simulated 
dose distribution and acquired phantom CT. The PET images were ob-
tained as an average over 6 mm slices centered on two of the cylindrical 
inserts filled with 18O-enriched water and irradiated with higher proton 
ranges, on the plane represented by the dashed line in Fig. 2 containing 
ROIs numbered #2 and #3, with predicted proton ranges of 29 and 46 
mm. 

On the first image, higher activity concentration is shown in the 3D- 
printed walls of the phantom, as they contain 12C and 16O, leading to the 
production of 11C and 15O through the reactions 12C(p,pn)11C,16O(p, 
X)11C, and 16O(p,pn)15O. As mentioned before,15O has fully dis-
integrated before the start of the PET acquisition. On the other hand, the 
signal produced by 11C has a half-life of 20.364 min and it is the main 
source of the signal arising from the walls of the phantom. Most of the 
activity shown in the gel-water cavities during the first hour of the PET 
scan corresponds to 11C produced through the 16O(p,X)11C reaction 
channel, but some activity from 18F (produced through the 18O(p,n)18F 
reaction channel) is also observed, as discussed later in Fig. 7. Although 
the 18F production cross section is much higher than that of other re-
actions (see Table 1 and Fig. 1), the activity of 18F at the beginning of the 
PET acquisition is lower due to its longer half-life (109.77 min). On the 

second 1-h frame (see Fig. 3), the 18F produced at the distal end of the 
proton beam is already comparable to the remaining signal from other 
isotopes with shorter half-lives. The prevalence of the 18F signal is 
increased in the third and fourth 60-min frames: activity is located 
around the Bragg peak area and, in some cases, beyond the theoretical 
proton range. The analysis we perform on these activity maps will 
determine the usability of our proposed technique for range verification. 

A first visual comparison between the (unprocessed) acquired and 
simulated activities is also presented in Fig. 5, for the 60-min frame 
acquired 1.5 h–2.5 h after irradiation. Increased activity near the insert 
borders (more visible in PET due to reconstruction artifacts) corresponds 
to 11C generated in the plastic walls through the 12C(p,pn)11C reaction, 
whose cross section peaks a few cm away from the peak (Fig. 1). 

The acquired PET scan was analyzed quantitatively (as described in 
section 2.3) to separate the ß+ activity originating from each of the 
isotopes based on their different decay rates. This analysis is crucial to 
determine the effect of the proposed contrast agent based on 18O. 

Fig. 6 shows fits to decay activity curves at different depth positions 
in ROI #3. It can be observed that the decay slope has two components 
in the proximal positions (corresponding to the decay of 11C and 18F) 
while only one decay component (corresponding to 18F) is observed at 
the distal position. The first three 15-min frames were excluded from the 
fit since the influence of the 13N activity is still sizable and deadtime 
effects are present. 

The aforementioned two-component decay analysis (for the com-
plete acquisition time) was used to produce denoised depth-activity 
curves including separated contributions from 11C and 18F, which 
were, in turn, corrected for isotope-dependent decay rate for each in-
dividual time frame. The results of this correction are presented in Fig. 7, 
which shows the reconstructed depth activity profiles for each isotope 
obtained from experimental and simulated data, including the depth 
dose profiles taken from the simulations. Results are shown for 15-min 
frames starting at 30-min and 2.5 h from the time of irradiation. These 
results confirm the prevalence of 11C in early frames, while 18F becomes 
predominant after 2 h. In addition, the distal fall-off of 18F activation 
overlaps with the dose distal fall-off obtained from Monte Carlo simu-
lations for all cylindrical inserts with different proton ranges. An 
agreement is observed between reconstructed and Monte Carlo- 
simulated activity profiles for both isotopes, with the measured activ-
ities of 18F and 11C reproduced within 40% and 10%, respectively, of the 
simulated. 

These results show the feasibility of 18O-based contrast agents for 
enhancement of proton range verification. A full analysis of the decay 
rates in the volumes of interest allowed us to reconstruct the activity 
curve of 18F alone for all three ROIs (Fig. 8). Despite the low activity 
remaining 3 h after irradiation (under 2 counts per voxel per minute), 
the image analysis process is sufficient to locate the produced 18F with 
good accuracy, as shown in the confidence interval in Fig. 8. Therefore, a 
relatively low concentration of 18O (10%) is sufficient to produce a 
measurable signal that can be distinguished from other activated iso-
topes. Fig. 8 also shows how the position of the 18F activity maximum 
Amax coincides with the dose maximum Rmax, as was shown already for a 
simplified simulation in Fig. 3. The 50% distal activity fall-off, A50, and 
its correlation with distal range at 50% dose maximum (R50) is also 
considered. 

These metrics (Amax and A50), while more effective if applied to the 
specific activity of 18F (reconstructed from image processing and 
requiring a long acquisition time), can also be applied to the total 
measured PET activity accumulated over a 15-min frame starting any 
time after irradiation. This was performed for each of the activation 
curves (ranges between 2 and 5 cm) and is displayed in Fig. 9. For all 
three ROIs, the maximum of activity occurred a few cm proximal to the 
Bragg peak for the first hour of PET acquisition, as expected from the 
dominant signal from 11C. However, after approximately 4 half-lives of 
11C, the main detected signal originates from 18F, allowing for simple 
metrics to identify the position of the Bragg peak. Table 2 presents the 

Fig. 3. Monte Carlo-simulated deposited energy (blue) and ß+ activity (red) 
distributions for a 100-MeV monoenergetic proton beam impinging on a ho-
mogeneous water phantom (dotted line) and a 18O-enriched water (containing 
50% of H2

18O) phantom (solid line). Activities are normalized to unity at beam 
entrance point. 

S. España et al.                                                                                                                                                                                                                                  



Radiation Physics and Chemistry 182 (2021) 109385

5

location of Amax and A50, for all three ROIs, determined 3 h after irra-
diation from both acquired and simulated data. While the positions of 
the maxima are subject to more uncertainties, the 50% fall-off seems to 
be more stable, with measured and Monte Carlo ranges within 2 mm. 

4. Discussion 

Our results suggest that the use of 18O-enriched water as a contrast 
agent in proton therapy may be promising for in-vivo range verification 
by direct measurement of the fall-off position on PET activation (Parodi 
et al., 2007b; Knopf AC et al., 2011). The low energy threshold in the 
production of 18F (2.6 MeV, proton range in water of 115 μm) induces 
sample activation in very close proximity to the end of the proton path, 
enabling more accurate range verification than other isotopes, such as 
11C and 15O, which are not produced in the last few mm. Therefore, 
proton range verification using 18O-enriched water as a contrast agent 
may allow for direct range verification in proton therapy while standard 
isotopes rely on the comparison of measured and simulated activation (; 

Pönisch et al., 2004; Parodi et al., 2007a), which is limited by the ac-
curacy of different aspects of the simulation as the cross sections of the 
involved nuclear reaction channels (España et al., 2011), conversion 
from CT images to tissue composition (España et al., 2010) and bio-
logical washout models (Mizuno et al., 2003; Toramatsu et al., 2018). 
Furthermore, the longer half-life of 18F allows the off-line use of already 
available PET scanners. However, washout effects of 18F were not 
evaluated is this phantom study and must be evaluated on in-vivo 
experiments. 

Some differences are observed between the measured and simulated 
18F activity that may be explained by different reasons. First, very 
limited data is available on the production cross section of 18F above 30 
MeV (Hess et al., 2001) and the values included in the simulations might 
differ from the real ones. A larger cross section might explain the higher 
18F activity observed in the entrance with respect to the simulation. 
Second, the accuracy of PET images at very low activity might be biased 
due to the positivity constraint (Van Slambrouck et al., 2015) on the 
activity distribution of the maximum-likelihood expect-
ation-maximization (MLEM) algorithm (Shepp et al., 1982) and that 
might affect some of the last frames. Furthermore, corrections such as 
attenuation and scatter might produce additional bias. Finally, diffusion 
of produced isotopes within the agarose gel might occur after irradia-
tion, causing an apparent smoothing of the measured activity profiles. 

In this work, we have shown that a concentration of 10% of 18O 
would produce a measurable localized signal in a PET scan performed in 
the next minutes or hours after irradiation after receiving a dose of 20 
Gy. Although 10% concentration might be rather high, one can conceive 
several in-vivo administration protocols to achieve this goal. The pres-
ence of 18O would have no measurable impact on the range of protons in 
patient. 

PET ion range verification has been traditionally affected by bio-
logical washout, which is known to reduce the measurable signal within 
minutes (Toramatsu, 2018). In our proposed procedure, this effect could 
in principle be significant, as the time between irradiation and mea-
surement would be of a few hours. However, we hypothesize that a large 
portion of 18F will be produced inside the cell membrane and get trapped 
intracellularly. While water can diffuse freely across the cell membrane, 
F− ions travel through anionic channels in the cell membrane at a much 
lower rate, remaining inside the cells for hours (Simchowitz 1988). 
Therefore, the signal produced by 18F would be less affected by washout 
than signals originating from naturally occurring elements in the body, 
and the localization of the Bragg peak position could be done at an 
earlier time after irradiation. Experiments with live animals are ongoing 
to prove this hypothesis, and to determine the optimal delay time that 
maximizes the specific signal of 18F, localized in the Bragg peak. These 
experiments will also address the feasibility of our technique for doses in 
the clinical range of a few Gy. Preliminary data based on Monte Carlo 
simulation (Onecha, 2018) indicate that detectable PET signals could be 

Fig. 4. Reconstructed PET images (red) 
corresponding to four 60-min time 
frames starting 30 min post-irradiation. 
The images were obtained as an 
average over 6-mm slices centered on 
two of the cylindrical inserts filled with 
18O-enriched water and irradiated with 
higher proton ranges. Images overlaid 
with CT of the phantom (grey) and dose 
distribution simulated with TOPAS 
(blue). White dotted lines, contouring 
ROIs #2 and #3 and the external con-
tour of the phantom, are provided to 
guide the eye. 2D map corresponds to 
geometrical cut of 3D image, as repre-
sented by dashed lines in Fig. 2. Proton 
beam enters the figure from the bottom.   

Fig. 5. TOPAS-simulated (left) and acquired (right) PET activity image, for a 
60-min frame starting 1.5 h after irradiation, overlaid with phantom CT (grey). 
White dotted lines, contouring ROIs #2 and #3 and the external contour of the 
phantom, are provided to guide the eye. The 2D map corresponds to a 
geometrical cut of the 3D image, as represented by the dashed line in Fig. 2. 
Proton beam enters the figure from the bottom. 
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achieved with pencil-beam doses in the range of 0.1–1Gy with 18O 
concentrations around 20%. However, these data must be confirmed in 
biological experiments. For a clinical use, slightly higher doses may still 
be needed, as the sensitivity of preclinical PET scanners is higher than 
that of clinical ones. Suitable protocols would have to be deployed in 
order to optimize the use of expensive resources such as proton beam-
time, PET imaging and 18O reactive. 

Although the use of the proposed technique for proton therapy range 
verification still faces a number of unsolved challenges, the use of 18O 
activated by proton beams could be used in preclinical diagnostic im-
aging, by inducing in-vivo production of a PET biomarker, such as 18F, in 
a well-defined volume of the body, by irradiating the subject with a high 
proton dose in a microscopic volume. This could help trace bio-
distribution of substances from a given origin. 

In addition, our experiment serves as a proof of principle for a new 
generation of reusable phantoms for both machine and patient quality 
assurance in proton radiotherapy. Usage of 3D-printed materials in 
combination with contrast agents and 3D gels could well be a reality in 
clinical medical physics in the near future. 

5. Conclusion and outlook 

The use of 18O-enriched water as a suitable contrast agent for po-
tential in-vivo range verification in proton therapy has been studied in a 
phantom experiment. Results show 18F activation at the very end of the 
proton range, which makes it ideal for direct proton range measurement 
using off-line PET imaging, as it has no effect on proton range in tissues. 
The longer half-life of 18F enables the possibility to record its signal more 

Fig. 6. Decay curves (red dots) and fitted curves (solid red line) performed to a sum of exponentials including the contribution of 11C and 18F. Each plot corresponds 
to a different depth position (deeper from left to right panels) within the activity profile with the highest proton range. The unprocessed integrated depth activity 
profile (solid black) is shown at the right panel with shown depth positions marked with red circles. 

Fig. 7. Measured (solid line) and simulated (dotted line) activity curves for three regions of interest, for 18F (red) and 11C (blue), at two different times post- 
irradiation. Monte Carlo activities are normalized to the combined integral measured PET activity. Curves are smoothed using an average filter with a span of 
two voxels. Simulated depth dose profiles (in arbitrary units) for each ROI are displayed in the background (grey area). 
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than 2 h after irradiation to minimize the contribution from other iso-
topes with high production thresholds. 

The observed results encourage us to proceed with in-vivo 

experiments in animal models to validate and assess the capabilities of 
18O-enriched water as a suitable contrast agent for range verification in 
proton therapy. In order to achieve a high-enough 18O concentration in 

Fig. 8. Reconstructed (red) and simulated (blue) 18F specific activity profiles for the three ROIs. The red shaded area represents 95% confidence interval of the 18F 
activity reconstructed from the fit analysis. Simulated depth dose profiles (in arbitrary units) for each ROI are displayed in the background (grey area). 

Fig. 9. Amax (empty squares) and A50 (solid diamonds) positions obtained for both measured (top, blue lines) and simulated (bottom, orange lines) total recon-
structed activity profiles for consecutive time frames. Simulated depth dose profiles (in arbitrary units) for each ROI are displayed in the background (grey area), with 
Rmax and R50 marks. 
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the irradiated volume, different administration techniques will be also 
studied. 
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