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PROBLEM: All annihilation gamma-rays have  
                     the same energy: 511 keV 
PROPOSED SOLUTION: mPET 

TRACER A :	labeled	β+  emitter  
Standard (e.g., 18F, 13N) 
          DOUBLES 
 

TRACER B :	labeled	β+γ emitter   
Non-standard (e.g., 124I, 76Br) 

 TRIPLES 

1)  Use of (β+) & (β+γ) Emitters 
2)  Detect Triple Coincidences  
3)  Reconstruction & Separation 

A. Andreyev et al. PMB 2011 
E. Lage et al  Med. Phys, 2015 
J. Cal-Gonzalez et al. PMB  2015  

Simultaneous imaging of 2 PET tracers 
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12.3 ps 

3.4 ps 

(16.2 h) 

Lovqvist A et al., J. Nucl. Med. 1997 

Several suitable β+γ emitters exist 
  

Of course most of β+/EC decaying 
isotopes emit β-delayed γ-rays …   
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T1/2     
Half-life	

β+  

branching 
ratio (%)	

Main Prompt γ [keV] 
&  intensity [%]	 Production	

82Rb 1.27 min 95 777 (13%)	 Generator	
52mMn 21.1 min 97 1434 (96%)	 Generator	

60Cu 23.7 min 93 1333 (88%)	 Cyclotron	
94mTc 52.0 min 70 871 (96%)	 Cyclotron	
110mIn 1.15 h 62 658 (99%)	  Generator	

120I 1.35 h 46 560 (72%)	 Cyclotron	
44Sc 3.97 h 94 1157 (100%)	  Generator	
86Y 14.7 h 33 1080 (85%)	 Large T1/2	

76Br 16.2 h 26 559 (58%) 	  Large T1/2	
72As 1.08 d 88 834 (79%)	   Generator	
124I 4.18 d 23 602 (51%)	 Large T1/2	

A sample of β+γ emitters 
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Isotope Half-life 
β+ 

branch 
(%) 

Main Prompt  γ 
(MeV)  

and Yield (%) 
Target Reaction 

Energy  
threshold 

 (MeV) 

Cross – 
Section 
(barn) 
@ 10 
MeV 

60Cu 23.4 min 93% 1.333 (80%) & 
1.760 (52%) 

NatNi   
(26.16% 60Ni) 

60Ni(p,n)60Cu 6.91  0.25 

52mMn 21.1 min 95% 1.434 (98%) 
NatCr   

(83.8% 52Cr) 
52Cr(p,n)52mMn 5.49 0.35 

94m Tc 53 min 72%  0.871 (94%) 
NatMo   

(9.12% 94Mo) 
94Mo(p,n)94mTc 5.04 0.55 

Production of 60Cu, 52mMn and 94mTc 

ü Studied at a linear accelerator (CMAM, Madrid) 
→  They emit beta-delayed gamma-rays 
→  They can label tracers of interest 
→  Their half-life is suitable for PET studies 
→  Can be produced by proton induced reactions at ~10 MeV 
→  Cross-sections subject to uncertainties at low energy 
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Experiment 

ü Cockcroft-Walton 5 MV tandetron accelerator at CMAM 
→  10 MeV proton beam with intensities up to ∼1 µA 

Natural Mo 

Natural Ni 

Low activation (<2 µCi) as proof of concept 
Solid thin target foils, Ta backing 
About 1 min activation  
Monitoring by efficiency-calibrated HPGe detector 
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Activation results 

L.M. Fraile – GFN-UCM 

HPGe spectrum of the activated 
natural Ni, Cr  and Mo foils at 
the end of bombardment 

1484 
511 

511 

1333 
1760 

511 

871 
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Activation results 

ü Expected yields at the end of bombardment (EOB) vs. 
measured yields: 

Target Thickness 
(mm) 

Total 
charge 
(nC) 

Irradiation 
time (s) 

Expected 
yield EOB 
(mCi/uAh) 

Measured 
yield EOB 
(mCi/uAh) 

NatNi  0.200  100.3 10 11.91 12.11 
NatCr 3.175  506.7 10 100.27 80.35 
NatMo 0.100 3000 60 3.63 5.34 

N. Soppera et al., JANIS Book of proton-induced cross-sections OECD NEA Data Bank 
L.P. Szajek et al., Radiochim. Acta 91, 613–616 (2003) 
F. Rösch, et al., Radiochim. Acta 62, 115 (1993) and J. Labelled Compd. Radiopharm. 35, 267 (1994) 
S.M. Qaim, Nucl. Med. Biol. 27(4)  323 (2000) 
D. W. McCarthy et al., Nuclear Medicine & Biology, Vol. 26, 351 (1999) 
H. I. West et al., Phys. Rev. C35 (1987) 
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Imaging: iterative image separation  

(Left) Mouse in the scanner bed  with the foils located in the armpit and on the neck.  
(Right) Reconstructed mPET images 
(A)  Image reconstructed using only double coincidences, standard 
(B)  (B,C) Reconstructed separated images of 68Ga and 94mTc using double and 

triple coincidences, VLOR reconstruction 
 

DOUBLE COINCIDENCES              DOUBLE+TRIPLE  COINCIDENCES 

A                               B                              C 
J.L. Herraiz  
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Proton activation for PT imaging?  

778 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 52, NO. 3, JUNE 2005

Experimental Study on the Feasibility of In-Beam
PET for Accurate Monitoring of Proton Therapy

Katia Parodi, Falk Pönisch, and Wolfgang Enghardt

Abstract—Positron emission tomography (PET) is currently
the only feasible method for in-situ and noninvasive three-di-
mensional monitoring of the precision of the treatment in highly
conformal ion therapy. Its positive clinical impact has been proven
for fractionated carbon ion therapy of head and neck (H&N)
tumors at the experimental facility at the Gesellschaft für Schwe-
rionenforschung (GSI), Darmstadt, Germany. Following previous
promising experiments, the possible extension of the method to
the monitoring of proton therapy has been investigated further in
extensive in-beam measurements at GSI. Millimeter accuracy for
verification of the lateral field position and for the most challenging
issue of range monitoring has been demonstrated in monoener-
getic and spread-out Bragg-peak (SOBP) proton irradiation of
polymethyl methacrylate (PMMA) targets. The irradiation of
an inhomogeneous phantom with tissue equivalent inserts in
combination with further dynamic analysis has supported the
extension of such millimeter precision to real clinical cases, at least
in regions of interest for low perfused tissues. All the experimental
investigations have been reproduced by the developed modeling
rather well. This indicates the possible extraction of valuable
clinical information as particle range in-vivo, irradiation field
position, and even local deviations from the dose prescription
on the basis of the comparison between measured and predicted
activity distributions. Hence, the clinical feasibility of in-beam
PET for proton therapy monitoring is strongly supported.

Index Terms—PET, proton therapy, therapy monitoring.

I. INTRODUCTION

THE physical rationale to use protons and heavier ions in ra-
diotherapy is the achievable high precision for conforming

the irradiation to the tumor and well sparing the surrounding
healthy tissue [1]. This potential clinical benefit demands the
strictly conformal dose delivery to be monitored in-situ and non-
invasively in three dimensions (3D). This particularly applies
to tumors in close proximity to critical organs when using ac-
tive beam shaping systems. The well defined ion range requires
monitoring at millimeter precision along the ion trajectory. Con-
trol of the lateral position of the irradiation field within the pa-
tient is a further crucial issue for portals adjacent to organs at
risk. At present, positron emission tomography (PET) is the only
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Fig. 1. Measured -activity depth profiles (solid line) for proton (left) and
carbon ion (right) irradiation of PMMA targets at 140 MeV and 259.5 MeV
initial energy, respectively. The dotted line shows the calculated relative
dose distributions. Due to the lack of projectile fragments, no maximum of

-activity is formed close to the dose maximum in the proton case (left) in
contrast to carbon ions (right).

feasible technique for these purposes. The method has been clin-
ically implemented for carbon ion therapy at the Gesellschaft
für Schwerionenforschung (GSI), Darmstadt, Germany [2]. An
in-beam dual head positron camera is used to detect the minor
amount of -activity produced in nuclear reactions between
the projectiles and the nuclei of the tissue simultaneously to
the tumor irradiation. Valuable information on the precision of
the treatment is provided by the comparison of the measured

-activity distribution with a prediction based on the treatment
plan and the time course of the irradiation. The experience gath-
ered for more than 200 head and neck (H&N) tumor patients
has proven a positive clinical impact of PET [2]. This is mostly
due to the possibility to: i) monitor the maximum ion range, ii)
verify the field position, and in some cases iii) detect and quan-
tify unpredictable deviations between the prescribed and the ap-
plied dose due to minor positioning errors or local anatomical
changes of the patient with respect to the treatment plan [3].
Hence, the extension of in-beam PET monitoring to other ions
is currently considered in preparation of the hospital-based ion
beam ( , He, C, O) tumor therapy facility under construction in
Heidelberg, Germany [4]. This work has started with the lightest
and most thoroughly investigated protons. Novel experimental
information with respect to earlier works of other groups (cf. [5]
and references therein) has been gained by means of the unique
in-beam tomographic positron camera installed at GSI and the
comparison with the clinically implemented carbon ion case.
Protons, in contrast to carbon ions, do not undergo projectile
fragmentation reactions (Fig. 1). However, a previous experi-
ment at GSI already indicated a favorable applicability of the
PET method to proton therapy [6]. In particular, it demonstrated
the increase of the proton induced -activity by a factor of
about three in comparison to carbon ion irradiation at the same

0018-9499/$20.00 © 2005 IEEE

K. Parodi et al., IEEE Trans. Nucl. Science 52 (2005) 778 
140 MeV protons               259.5 A MeV Carbon ions 

ü Protontherapy 
→  Advantages 
→  Dose vs. nuclei production 

(PET, PG…) 
→  Range…  

Coulomb	(DOSE)	

Nuclear	(ProducKon	nuclei)	
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Ga production and validation 

Cross sections, 9 MeV proton beam at CMAM 

L.M. Fraile – GFN-UCM 

Experimental validation of gallium production and isotope-dependent
positron range correction in PET
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a b s t r a c t

Positron range (PR) is one of the important factors that limit the spatial resolution of positron emission
tomography (PET) preclinical images. Its blurring effect can be corrected to a large extent if the appro-
priate method is used during the image reconstruction. Nevertheless, this correction requires an accurate
modelling of the PR for the particular radionuclide and materials in the sample under study. In this work
we investigate PET imaging with 68Ga and 66Ga radioisotopes, which have a large PR and are being used
in many preclinical and clinical PET studies. We produced a 68Ga and 66Ga phantom on a natural zinc
target through (p,n) reactions using the 9-MeV proton beam delivered by the 5-MV CMAM tandetron
accelerator. The phantom was imaged in an ARGUS small animal PET/CT scanner and reconstructed with
a fully 3D iterative algorithm, with and without PR corrections. The reconstructed images at different
time frames show significant improvement in spatial resolution when the appropriate PR is applied for
each frame, by taking into account the relative amount of each isotope in the sample. With these results
we validate our previously proposed PR correction method for isotopes with large PR. Additionally, we
explore the feasibility of PET imaging with 68Ga and 66Ga radioisotopes in proton therapy.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

One of the main limitations to the spatial resolution achievable
in 3D positron emission tomography (PET) arises from the range of
positrons in tissue [1]. Positron range (PR) makes the distribution
of the emission points of the 511 keV annihilation gamma rays
different than those of the positron emissions. If it is not well
modelled and corrected for, it may lead to a sizeable blurring in
the reconstructed PET images. While the spatial resolution with
state-of-the-art small animal PET scanners such as the ARGUS [2]
is of the order of 1 mm, the mean positron range (PR) of some
commonly used isotopes is significantly larger. For instance, some
radionuclides of interest such as 68Ga or 82Rb have large positron

ranges on the order of 2–5 mm [3], which makes their use in
preclinical PET imaging challenging. On the other hand significant
differences of positron range values can be found in the literature
and experimental measurements are clearly lacking, as discussed
in [3].

Several methods have been introduced to avoid the blurring of
the images [4,5] and different PR corrections have been proposed.
In a previous work [6] we have showed that one can take into
account the material-dependent positron range by modelling its
effects during 3D OSEM reconstruction procedure [7], once the
properties of the local media are obtained from a CT image. In this
approach the quality of images significantly improves with PR
correction, rendering large positron range isotopes such as 68Ga
meaningful [6].

An experimental validation of this procedure with several PET
isotopes with significantly different positron ranges, such as 68Ga
and 66Ga (see Table 1) is still needed. This can be achieved with
reduced systematic uncertainties if both isotopes are simulta-
neously produced in sufficient amounts at the same location,
as proposed in this work.

The study of the production of Ga isotopes using proton beams
has also interest for its potential medical applications, as they could
play a role in non-invasive monitoring of proton radiotherapy [8]
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Nuclear Instruments and Methods in
Physics Research A

http://dx.doi.org/10.1016/j.nima.2016.01.013
0168-9002/& 2016 Elsevier B.V. All rights reserved.

n Corresponding author. Tel.: þ34 91 394 4784; fax: þ34 91 394 5193.
E-mail address: lmfraile@ucm.es (L.M. Fraile).
1 Present address: Medical University of Vienna, Vienna, Austria.
2 Present address: Blue Telecom Consulting, 28037 Madrid, Spain.
3 Present address: Centro Nacional de Investigaciones Cardiovasculares, 28029

Madrid, Spain.
4 Present address: Massachusetts General Hospital and Harvard Medical

School, Boston, MA, USA.
5 Present address: Universidad Nacional, Heredia 86-3000, Costa Rica.
6 Present address: Johns Hopkins University, Baltimore, MD, USA.

Nuclear Instruments and Methods in Physics Research A 814 (2016) 110–116

estimated using

Γ ! ϕ f ρArσ̂; ð3Þ

where ρA is the atomic density of natural Zn, f the fraction of the
isotope of interest in the target material, r is the penetration
depth of the protons in the material for which the cross-section is
non-negligible, and σ̂ the average cross-section for the given
penetration depth.

In our case we calculated the amount of 66,68Ga produced per
unit time using discrete energy steps of 0.5 MeV from 9 MeV down

to the energy where the cross-section vanishes (see Fig. 4). The
amount of 67Ga, arising from the 67Zn(p,n)67Ga reaction, which
serves as activity monitor, has been calculated in the same man-
ner. The penetration in the Zn foil was obtained from the stopping
power factor computed with SRIM [16].

After the PET measurements described in next section were
performed, the decay of 67Ga in the foil was also used to monitor
the activity in the target and to verify the production cross-
sections. For that purpose high-resolution gamma spectrometry
was performed with a LOAX-type HPGe detector [17], whose
absolute efficiency had been previously calibrated.

Measurements of 67Ga were performed 8 days after the irra-
diation, once 66Ga (and other shorter-lived isotopes such as 68Ga),
had almost completely disappeared. Several individual measure-
ments over a period of 5 half-lives of 67Ga, each lasting for
20,000 s, were done. An example is shown in the gamma spectrum
of Fig. 5, where the most intense 67Ga gamma decay peaks (see
Table 2) can be clearly identified. Some of the gamma rays from
the decay of 66Ga, including the 511-keV gamma, were weakly
observed at higher energies. The activity of the 67Ga gamma rays,
diminishing with the 67Ga decay constant, was studied in order to
obtain the original activity after the irradiation. The result was
consistent with the estimate of 0.25 kBq discussed in Section 3.

2.3. PET image reconstruction with isotope-dependent positron
range correction

After the irradiation, the Zn foil with the Ga Derenzo-like
pattern was submerged in water and measured in the ARGUS
small animal PET/CT scanner [2]. The Ga activity was concentrated
on a superficial thin slice of less than 250 μm on the Zn target. The
measurements started 2.25 h after the end of the bombardment
(EOB) of the foil, and 27 frames (1200 s each) were acquired.
Frames 1, 7 and 25 of the acquisition were chosen for image
reconstruction, since they are representative of the different
admixtures of activities of the Ga isotopes. An energy window was
defined from 400 keV to 700 keV, which minimizes the contribu-
tion from the intrinsic activity of the LYSO crystals.

The images were reconstructed with the iterative reconstruc-
tion code FIRST [7,18], with and without PR correction [6]. The
algorithm included the one-step-late maximum-a-posteriori (OSL-
MAP) regularization described in [19] with β¼0.1. Forty iterations
of the algorithm were used in all cases. The reconstructed images
consisted of 175%175%61 voxels of 0.388%0.388%0.775 mm3.

As shown in our previous works [6,20] PR correction can be
introduced into the iterative image reconstruction using the PR

Fig. 2. The experimental chamber at the standard beam line at CMAM.

Fig. 3. Sketch of the Derenzo-like pattern activated with the 9 MeV proton beam
on the Zn target.

Table 3
Irradiation times and intensities for each of the spots.

θ (deg) r (mm) Size (mm) Time (s) I (nA)

252 6,14 3%3 2%40 6.3
180 5,11,17 2%2 3%36 3.1
108 5,8,11,14,17 1%1 5%39 0.78

Table 2
Natural abundances of zinc isotopes, (p,n) reaction products and their decay mode, branching ratio and half-life. The energy of the main gamma decay transitions is also
listed.

Natural zinc isotopes Abundance (%) (p,n) reaction product T1/2 Main decay mode Branching ratio E (keV) of main γ decay transitions

64Zn 49.2 64Ga 2.627(12) min βþ 97.5 511.0, 991.5, 807.5, 3365.9
66Zn 27.7 66Ga 9.49(3) h βþ 57.0 511.0, 1039.2, 2751.8, 833.5
67Zn 4.0 67Ga 3.2617(5) d EC 100.0 93.3, 184.6, 300.2
68Zn 18.5 68Ga 67.71(9) min βþ 88.9 511.0, 1077.3
70Zn 0.6 70Ga 21.14(9) min β– 99.6 (1039.2), (176.2)
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(EOB) of the foil, and 27 frames (1200 s each) were acquired.
Frames 1, 7 and 25 of the acquisition were chosen for image
reconstruction, since they are representative of the different
admixtures of activities of the Ga isotopes. An energy window was
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tion from the intrinsic activity of the LYSO crystals.
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tion code FIRST [7,18], with and without PR correction [6]. The
algorithm included the one-step-late maximum-a-posteriori (OSL-
MAP) regularization described in [19] with β¼0.1. Forty iterations
of the algorithm were used in all cases. The reconstructed images
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252 6,14 3%3 2%40 6.3
180 5,11,17 2%2 3%36 3.1
108 5,8,11,14,17 1%1 5%39 0.78
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Natural abundances of zinc isotopes, (p,n) reaction products and their decay mode, branching ratio and half-life. The energy of the main gamma decay transitions is also
listed.

Natural zinc isotopes Abundance (%) (p,n) reaction product T1/2 Main decay mode Branching ratio E (keV) of main γ decay transitions

64Zn 49.2 64Ga 2.627(12) min βþ 97.5 511.0, 991.5, 807.5, 3365.9
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Isotope-dependent range correction 
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activity of 4 Bq per nC of deposited charge (i.e. 1 nA in 1 s), and
about 0.75 Bq of 66Ga. For the above estimate the stopping power
of protons in water has been used, and a density of 1 g/cm3 is
assumed (see Fig. 9).

This activity is produced in the last !5mm of the proton range
before stopping, where virtually no other reaction channels are open,
in particular the production of 11C or 15O in tissue. As a comparison,
the activity production rates at the EOB for 10,11C and 15O are reported
in [29] to be 109712 Bq/s for a 140MeV 16 pA proton beam, over the
whole range (12.1 cm) for the beam completely stopped in an acrylic
glass (PMMA) phantom. Although this is higher than the EOB activity
density from the activated Zn, the Ga activity would be localized in
fewmillimetres of tissue, and secondly the half-life of 66Ga and 68Ga is
much larger than 11C (T1/2¼20.39 min), 15O (T1/2¼2.037 min) and 10C
(T1/2¼0.3218min), making it possible for a PET acquired 2 h after EOB
to mostly show the activity coming from the Ga isotopes. In any case,
reaching Ga activities similar to those of C and O isotopes would
require the use of macroscopic Zn seeds. It should be noted that the
co-registration of the PET and MRI images of the zinc material would
enable to quantify the density of Zn present in the target area.

4. Conclusions

In this work we have investigated an experimental method for
producing phantoms for simultaneous PET imaging with gallium
68Ga and 66Ga isotopes. These radioisotopes can be simultaneously
produced with a low energy proton beam, due to the low energy
reaction threshold for production by (p,n) reactions on a zinc
target.

For this purpose an activation experiment has been performed
at CMAM in Madrid. Short irradiation times at a low proton beam
current have been used to depict a Derenzo-like pattern in a
natural Zn foil, yielding a high-resolution activity-calibrated gal-
lium phantom for PET imaging. The measured activity of the 68Ga
and 66Ga beta emitters matches very well the estimates based on
the evaluated (p,n) reaction cross-sections and projected proton
ranges in Zn. Other reaction products did not disturb our purposes,
either due to the half-life or to the absence of positron emission.

The irradiation leads to the simultaneous production of the two
Ga isotopes with different positron ranges and half-lives, which
can be employed to assess positron range corrected reconstruction
methods. The reconstruction without using the appropriate PR
distribution has a negative effect in the quality of reconstructed
images (low resolution images with significant background),
whereas the use of isotope-dependent PR correction yields a

similar apparent size and peak height of activity profiles in
acquisitions with different mixtures of isotopes. Therefore it can
be successfully employed to recover the spatial resolution. In
addition, these nuclides may play a role in off-line PET monitoring
of proton radiotherapy due to their half-lives and appropriate β
end-point energy.

In conclusion, the approach proposed in this work improves
significantly the quality of the reconstructed images, rendering PR
corrected images for large PR isotopes, such as 68Ga and 66Ga,
practical and usable.
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Fig. 9. Cross-sections (left axis) as a function of depth in water for 68Ga, 67Ga and 66Ga due to (p,n), (p,2n) and (p,3n) reactions on 66,67,68Zn, scaled to the natural abundances,
together with (p,n) cross-sections for the production of 11C and 15O. On the right axis the energy loss in water is plotted for reference. The labels show the beam energy
in MeV.
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Reconstruction of the Derenzo-like pattern 
at different times after irradiation 
 
Range correction implemented (lower row) 

Cross-sections as a function of depth 
in water 
•  68Ga, 67Ga and 66Ga on Zn scaled 

to natural abundances 
•  11C and 15O 
 
Possibility for Zn contrast in PT? 
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Dose verification in protontherapy 

ü CT requires conversion to 
proton-equivalent stopping 
power 

ü Biological washout of produced 
isotopes: PET emitters 

 
ü  Proton range needs to be known! 

L.M. Fraile – GFN-UCM 
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H. Paganetti, 
Phys. Med. Biol. 57 (2012) R99 

3.5%+3 mm implies 1 cm extra 
for a tumor at 20 cm depth 

What is the effect of the proton range? 

Monte Carlo simulations 
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Dose verification 

7564 S España and H Paganetti
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Figure 3. Conversion curves from HU into weight fraction for hydrogen, carbon, oxygen and
calcium using different numbers of bins. Default weight fractions used in the BEAMnrc code are
also shown.

Figure 4. Dose distributions (top) and PET images (bottom) obtained from the Monte Carlo
simulation for one field for the three patients included in this study. Arrows represent the profiles
included in figure 5.

PET, prompt PET 

S. España and H. Paganetti 
Phys. Med. Biol. 55 (2010) 7557 

 Prompt gamma-rays  Protoacustics 

Talk by D. Sánchez-Parcerisa 
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Clinical experience 

Ø  PET clinical experience 
•  GSI (1997-2004) in-beam, off-spill measurements 
•  HIT Germany (2013-2017): offline PET/CT after irradiation 

Pending results of clinical trial 
•  MGH USA (2006-2011): offline PET/CT, in-room neuroPET 

Physical studies, Monte Carlo, cross sections  
•  NCC Japan (2010): used to monitor changes in daily activity. Short in-room 

Slit Camera 
Ø Prompt Gamma experience 
•  OncoRay (Dresden, Alemania) with Slit 

Camera by IBA (2016) 
•  UPenn (Philadelphia, USA) with Slit 

Camera de IBA (2017) 

‘None of the present implementations can be 
classified as satisfactory’  
K. Parodi, Med. Phys. 42:12 (2015) 7153 
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Protontherapy & nuclear techniques for oncology  

PRONTO project 

1.  Biophysics simulation package including PET and prompt-
gamma activation 

2.  Exploration of contrast agents for PET and PG 

3.  Development of new detectors for these imaging modalities 

4.  Collaboration with clinical partners to eventually include 
results in clinical protocols 

 
 
 

L.M. Fraile – GFN-UCM 
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PRONTO 

ü Partners 
→  GFN-UCM (coordinator): LMF, S. España, D Sánchez- 

Parcerisa, JM Udías, J.L. Herraiz 
→  BIOMED-CIEMAT: M.A. Morcillo, E. Romero, N. Magro 
→  FNEXP-IEM-CSIC: E. Nácher, M.J.G. Borge, O. Tengblad 

ü Associates 
→  Sedecal Molecular Imaging 
→  CUN: clinical beam (+patients) 
→  Justesa Imagen: radiopharmaceuticals 
→  CMAM: low energy beams 

ü Funded for 4 years (2018-2021) by 

L.M. Fraile – GFN-UCM 
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Clinical beam in Spain?  

ü Prospects in Madrid 
→  Quirón Salud 
→  Clinica Universitaria de Navarra: HITACHI 

L.M. Fraile – GFN-UCM 
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Objectives 

ü Biophysics simulation package 
→  Study of existing MC packages: PeneloPET, GATE, TOPAS… 
→  Cross sections 
→  Inclusion of PET/PG isotope activation in FoCa / matRad 
→  Washout models 
→  Experimental validation, phantoms, tissues: CMAM + … 

ü Development of contrasts 
→  ex. Zn for several Ga ß+ emitters (channel open at low E) 
→  What concentration can we provide? In which form? 
→  Apart from radiation, what other biological effects can appear? 
→  Other isotopes for PET? 
→  PG isotopes 

L.M. Fraile – GFN-UCM 
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Objectives (2) 

ü Detector developments 
→  PG detector based on FATIMA 

technology 
•  comparison with SEDECAL design 
•  Fast and efficient detectors 

→  Adapt CEPA detector for proton 
range verification 

•  Protons and gamma-rays 
•  Good energy range 

ü Clinical application 
→  Guide research by realistic ojectives 

and utility for future practice 
•  Contact with facility and oncologists 
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