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• Goal: enhancement of proton therapy effectiveness using nuclear reactions

• Technique: administration of
borated and fluorinated compounds,
that accumulate in tumor, to patients
before irradiation
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p + 11B —> 3 alpha (up to 4 MeV)

p + 19F —> 16O + alpha (up to 13 MeV)

Clonogenic Survival Curve @ MID SOBP 

The Neptune project



• Rome group: imaging and quantification
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• Activities: 
- modelling of nuclear reactions
- microdosimetry
- radiobiology
- imaging and quantification

• Other INFN departments: LNL, LNS, MI, NA, PV, Roma3, TIFPA



Neptune status & results
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• Modelling of nuclear reactions
- improved simulations are not able to explain the
radiobiological effect so far
=> the contribution due to the alpha produced in the nuclear
reaction is not sufficient

• Microdosimetry
- experimental campaigns have been performed with 3 different detectors
to evaluate the dose at cellular dimension scale

- alpha particle observed with the correct energy (but some discrepancy
vs simulation in the yield)

• Radiobiology
- Radiobiological effect observed with different beam energies (60 MeV and
150 MeV), different cellular lines and different target molecules (BPA)

- Bystander effect observed for the first time
- Also observed at monocromatic energy direct on cells at the correct energy
(no contribution from neutron on 10B possible)



Goals of WP2 (imaging)
• Evaluate bio-distributions of borated & fluorinated tracers using 19F-MRI

• 19F-MRI performances limited by low SNR ratio

• Possible hardware improvements to 19F-MRI
- new antenna (low noise)
- software defined radio technology 
for signal digitization

- new pre-amp & cooling

• Choice of fluorinated molecules
- tests on animals to have samples 
with correct concentrations

• Possible sofware improvements to 19F-MRI
- use of deep learning to denoise and analyse images

test-stand: 0.35 T scanner 

9T spectrometer



19F-MRI vs 1H-MRI
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• Conventional clinical MRI = 1H-MRI

- detection of signals from mobile protons
of water or lipids

- high spatial resolution and excellent soft 
tissue contrast

• 19F has extremely favorable magnetic
properties:

- 100% natural abundance, spin ½

- gyromagnetic ratio very close to 1H
(40.08 vs 42.58 MHz/T)

- only trace amounts in human body
=> can specifically detect administered

19F-containing compounds without
background signal

P. Porcari, S. Capuani, E. D’Amore et al. 
2008 Phys. Med. Biol.

1H-MRI

1H-MRI + 19F-MRI



Hardware improvements
to 19F-MRI



New Antenna
• Goal: better SNR ratio
• Antenna designed with CST simulations
• Housing realised with non magnetic materials

• Prototypes of the new antenna have been realized (1-2-3 loops)
• EM characterization done

• Next tests: First tests on the Brucker 0.35T spectrometer

L. Ficcadenti



Software Defined Radio (SDR)
• Goal: use SDR to process NMR signal before demodulation 

(this was not found possible on the low field Brucker scanner)
• SDR system bought and installed
• We finalized the SDR setup with GNU-radio and gr-MRI software

• Some data were taken from the above scanner (echo signals)
• Base signal receiving, transmission and  manipulation implemented in GNU 

radio 

• Next: use new antenna to acquire signals before demodulation
echos from low field scanner

V. Bocci, D. Carlotti
E. Furfaro, 
F. Iacoangeli

received signal



Choice of fluorinated
molecule



Choice of fluorinated molecule
S.Capuani
A.Ciardiello
D. Rotili
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• 4 different fluorinated molecules were taken into consideration
and studied in MR-Spectroscopy

- FDG                          <= not ok for imaging (double peak in MRS)
- 5F-phenylanalina      <=not ok for imaging (multiple-peaks in MRS)
- F-BPA <= ok for imaging, contains B, internalized 

by PANC, not cytotoxic: we will use it for 
animal tests and we propose it for    
radiobiological tests

- F12B12 <= ok for imaging, not ok for internalization, toxic
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Internalization Measurements
• F-BPA internalization fraction in PANC-1 in agreement with 3 different techniques:

1) neutron autoradiography (Pavia)

2) liquid chromatrography with mass spectroscopy (Caserta)

3) 19F Magnetic Resonance Spectroscopy (Roma)

.

2) f= 0.524±0.008 

1) 
3) f= 0.5 ± 0.1  



Internalization measurements

• Paper with in-vitro internalization measurements in PANC-1 under revision by 
Physica Medica



Animal model
• 3 NOD scid mice
• PANC-1 cells orthotopically injected in the pancreas:

- mouse1 and mouse2 (mouseCRT = control)
• After 3 weeks 200𝜇L of F-BPA in fructose solution administered throught tail vein

= 200mg/Kg in line with reported treatments in BNCT
• after 45-50 minutes mice sacrificed

3.2. Materials and methods 47

TABLE 3.3: Mice body weights (bw), F-BPA-f(ructose) solution dose
at concentration 30 mg/ml administered in mice and time of sacrifice

(Tos) after injection.

Mouse CRT Mouse 1 Mouse 2

bw (g) 27.8 22.0 27.1
F-BPA-f (vol.)(µL) 200 200 200
F-BPA (m.)(mg) 6 6 6
dose/bw (mg/kg) 216 272 221
Tos (min.) 50 45 45

TABLE 3.4: Weight of the tissue samples collected after F-BPA injec-
tion and sacrifice. Blood samples were taken pre-mortem in anaes-
thetized mice. In red: Samples that were analyzed with 19F-MRS.
All other sample are being analyzed with neutron autoradigraphy

@Pavia

Sample Mouse CRT Mouse 1 Mouse 2

Blood (µL) 650 550 530
Liver (g) 1.45 1.06 1.36
Spleen (mg) 52 18 38
Kidney (mg) 393 364 464
Pancreas (mg) 130 88 149
Fat (mg) 162 104 187
Skin (mg) 78 128 186
Lungs (mg) 180 132 185
Heart (mg) 156 143 132
Stomach (mg) 290 248 365
Genitourinary sys. (mg) 219 266 323

samples were stored in nunc vials and frozen in liquid nitrogen.

For 19F-MRS analysis each tissue sample was thawed at room temperature and
afterwards they were mechanically homogenized.

Tissue and Blood samples were prepared for 19F-MRS in 10 mm vials with a
sealed glass vial containing 300µL of 0.29 mM solution of PFTP-DOPA, prepared
with CuSO4 to shorten its 19F T1 (see Section 3.2.1 ), was inserted inside the sam-
ples to be used as reference peak (rif.). The sample size/volume fit the whole re-
ceptive field of the NMR detector coil to assure that all 19F nuclei can be detected.
Also, blood samples were diluted with PBS to mach the reference level to avoid dis-
continuity between the level of the reference and the level of the sample if needed,
while lysis buffer (TRIS 50mM, Triton 1%, SDS 0,1%, NaCl 150mM, EDTA 5mM) was
added in tissue samples.

Volume of blood collected and tissues weight is reported in table 3.4.
Tissue samples that were not analysed with MRS will be measured trough neu-

tron autoradiography at Pavia.

Sample in RED have been studied 
with MRS, others sent to Pavia for
neutron-autoradiography

PANC-1
cell in mouse4
pancreas at
immunohisotochemistry

Courtesy of
A. Catizzone

L. Milazzo
D. Rotili
F. Vulcano



MRS Calibration

uMol FBPA Area ratio SNR rif SNR F-BPA

S1 1.30 0.84±0.03 115.2 47.2

S2 0.65 0.43±0.03 123.1 17.2

S3 0.13 0.09±0.03 138.4 4.0

S4 0.06 0.05±0.03 109.3 3.4

PFTP-DOPA: external standard

F-BPA at different
concentrations

Calibration curve

S. Capuani
A. Ciardiello



Results

Pancreas mouse 2 + rif

Blood mouse 2 + rif

Blood mouse CRT + rif

• The only samples where we find F-BPA signals are blood in mouse2, genitourinary 
mouse2, Kidney mouseCRT (at the limit of our sensitivity)

• Neutron autoradiography in pancreas mouse1  finds very little Boron
(1ppm 10B => 5ppm 11B)

• Checks underway (spectrometer turned
off in March=> now back in operation

S. Capuani
A. Ciardiello

I. Postuma
S . Bortolussi
& Pavia group

F-BPA



Results: mouse4
• We analyzed another mouse doubling the second dose 

=> 400mg/Kg
• We observe ~50ppm of 11B

I. Postuma
S . Bortolussi
& Pavia group



Future Measurements

• High-field spectrometers back to operation in Fermi building
• Understand reason of low uptake in mouse pancreas
• We want to perform new in-vitro and ex-vivo measurement with improvements 

in the protocol for a better quantification:

- reduce resonance line broadening 
=> apply better shimming and field locking to the spectromenter to 

reduce field disomogeneities
=> improve sample preparation i.e."extract" to reduce impact of 

polar macro-molecules (proteins)
- use an internal standard (reference molecule mixed with sample)
- PFTB-DOPA:

=> see if enhances F-BPA uptake in PANC-1

46 Chapter 3. The feasibility of F-BPA quantification in tissue trough 19F-MRS

Name Abbreviation Structure

2-Fluoro-4-
boronophenylalanine

F-BPA

perfluoro-tert-butoxy
3,4-dihydroxy-L-
phenylalanine

PFTP-DOPA

Isoflurane Isoflurane

TABLE 3.2: Details of the chemical and the internal standards used
for 19F-MRS quantification.

This study was autorized from "Ministero della salute" (italian Ministery of Health)
n°732/2019-PR released in 4 November 2019 ai sensi dell’art.31 del D.lgs. 26/2014.

3.2.3 Preparation of F-BPA-fructose solution

Solubility in water of F-BPA is low (2.6 mg/ml) so it is prepared as a complex with
fructose to increase solubility.
There is a constrain (in terms of animal welfare) on the volume that can be admin-
istered in a single shot in mice and it is recommended to . Thus, the solution was
prepared to deliver a dose of at least 200 mg/kg of F-BPA, that is in line with reported
treatment dosage in BNCT (see Table 3.1), while keeping the volume under 10 µL/g
of body weight. F-BPA-fructose solution has been prepared following a previously
reported procedure in (Watanabe et al., 2017):

19F-BPA and fructose were dissolved in distilled water at a molar ratio of 1:1.5,
and then a 1.15 M ratio of 1 N NaOH was added. The mixture was stirred until F-
BPA had completely dissolved, and the pH value was titrated to 7.6 with 1 N HCl.
Before the administration the solution was filtered through a 0.22-µm pore syringe
filter for sterilization. The final concentration of F-BPA was set to 30 mg/ml. (For
example, a mouse of 25 g of body weight that is administered with 200 µL of prepa-
ration with a concentration of 30 mg/ml, receives 6 mg of F-BPA that correspond to
240 mg/kg ) Delivered dose is reported in Table 3.3.

3.2.4 Sample preparation

Blood samples were collected trough cardiac puncture in anesthetized (with 2 − 3%
isofluorane2) mice and refrigerated with heparin to avoid coagulation. Animals
were euthanized via cervical dislocation under deep anesthesia, and intact tissues
of interest (liver, spleen, kidney, pancreas, fat, skin, lungs, hearth, stomach, gen-
itourinary system ) were harvested. Blood and organs were weighted and tissue

2This detail was discovered at a later time



Image analysis:
deep learning based

denoiser



Denoiser in k space
• Noise in images is Rician distributed, not Gaussian

• We developed a denoiser in k- space 
- noise is gaussian
- drawback: not always easily accessible in spectrometers

• Residual learning scheme
- Learn noise not signal:
- Less prone create artifacts

• Test on public "Fast-MRI" datasets, 40000 images
- 1H-MRI multicoil dataset with access to k-space
- high resolution images (ground truth)+ add noise

A. Ciardiello
S.Giagu

92 Chapter 5. Preliminary application of K-DnCNN to the FastMRI dataset

FIGURE 5.3: Noise effect and denoising with K-DnCNN for super-
vised and unsupervised (Noise2Noise) training at σ = 8 · 10−3 (Low)

and σ = 16 · 10−3 (High) noise level.

- We find improvements
applying the denoiser
to these images
(better PNSR)

- Need to check on 19F-MRI
images



Summary and Perspectives

• Developed a new antenna and an SDR-based system
to improve SNR ratio in 19F-imaging

- will perform tests on low field scanner to check actual 
performances

• Delected F-BPA as F-B tracer and studied its internalization in
PANC-1 (case study) => 50% internalization

• Performed first tests for quantification F-BPA in ex-vivo mice models at 
therapeutic doses (MRS)
- will repeat in-vitro and ex-vivo tests with improved quantification technique
- study PFTP-DOPA as F-BPA uptake enhancer

• Develop deep learning based denoiser in k-space for MRI images
- tested on low SNR 1H-images 
- need to test on real 19F images => will try to accumulate a sufficient 
number of images 


