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Range verification of clinical protontherapy systems via positron-emission tomography (PET) is not

a mature technology, suffering from two major issues: insufficient signal from low-energy protons

in the Bragg peak area and biological washout of PET emitters. The use of contrast agents including
180, %8Zn or ¢3Cu, isotopes with a high cross section for low-energy protons in nuclear reactions
producing PET emitters, has been proposed to enhance the PET signal in the last millimeters of the
proton path. However, it remains a challenge to achieve sufficient concentrations of these isotopes

in the target volume. Here we investigate the possibilities of 120-enriched water (18-W), a potential
contrast agent that could be incorporated in large proportions in live tissues by replacing regular
water. We hypothesize that 18-W could also mitigate the problem of biological washout, as PET (*¢F)
isotopes created inside live cells would remain trapped in the form of fluoride anions (F-), allowing its
signal to be detected even hours after irradiation. To test our hypothesis, we designed an experiment
with two main goals: first, prove that 18-W can incorporate enough 20 into a living organism to
produce a detectable signal from ®F after proton irradiation, and second, determine the amount of
activity that remains trapped inside the cells. The experiment was performed on a chicken embryo
chorioallantoic membrane tumor model of head and neck cancer. Seven eggs with visible tumors
were infused with 18-W and irradiated with 8-MeV protons (range in water: 0.74 mm), equivalent

to clinical protons at the end of particle range. The activity produced after irradiation was detected
and quantified in a small-animal PET-CT scanner, and further studied by placing ex-vivo tumours in

a gamma radiation detector. In the acquired images, specific activity of 8F (originating from 18-W)
could be detected in the tumour area of the alive chicken embryo up to 9 h after irradiation, which
confirms that low-energy protons can indeed produce a detectable PET signal if a suitable contrast
agent is employed. Moreover, dynamic PET studies in two of the eggs evidenced a minimal effect of
biological washout, with 68% retained specific ‘®F activity at 8 h after irradiation. Furthermore, ex-vivo
analysis of 4 irradiated tumours showed that up to 3% of oxygen atoms in the targets were replaced
by 80 from infused 18-W, and evidenced an entrapment of 59% for specific activity of °F after
washing, supporting our hypothesis that F- ions remain trapped within the cells. An infusion of 18-W
can incorporate 20 in animal tissues by replacing regular water inside cells, producing a PET signal
when irradiated with low-energy protons that could be used for range verification in protontherapy.
18F produced inside cells remains entrapped and suffers from minimal biological washout, allowing for
a sharper localization with longer PET acquisitions. Further studies must evaluate the feasibility of this
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technique in dosimetric conditions closer to clinical practice, in order to define potential protocols for
its use in patients.

The number of proton therapy facilities to treat cancer has increased considerably in the last few years’. The
main advantages of protons over other radiation therapy techniques are the large 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 distal edge of the proton beam is crucial for a correct dose delivery, i.e., ensuring a complete irradiation of
the tumor and reducing the dose to organs at risk?. Several techniques have been proposed for in-vivo proton
range verification, including the use of positron emission tomography (PET) imaging to quantify and locate
the B* isotopes produced by the proton beam through nuclear reactions inside the patient>. In addition, the
detection of prompt gammas emitted from excitations of the target nuclei has been suggested’ for proton range
verification. Both techniques have been already tested in clinical studies in patients*®. Other studies suggested
the measurement of the acoustic pressure waves generated by proton dose deposition using high frequency ultra-
sonic transducers” or the detection of radiation-induced changes in the constitution of human tissue which can
be visible by MRI imaging®. However, research related to this topic is still needed to find a precise and reliable
method for in vivo range verification that can be implemented clinically’.

While protons deposit their dose mainly through electromagnetic interactions, B* isotopes are produced via
nuclear reactions. Since f*-emitters originated by proton-induced reactions on human tissues, mainly 'C and
130, have a relatively high production threshold (17.9 MeV for *C(p,X)'!C and 14.3 MeV for *O(p,X)"°0), they
will not be formed in the proximity of the Bragg peak'® limiting the applicability of PET imaging for proton beam
range verification!!. The use of N produced from '°O has been suggested as an alternative!? due to the lower
energy threshold (5.5 MeV), but its integrated cross-section at low energies may not be high enough'?, and the *N
specific activity decreases at a fast pace, due to its shorter half life and affected by biological washout processes.

The use of dedicated in-beam PET detectors in the treatment room has been considered in several previous
works!'*!>. Compared with offline PET, the available PET-isotopes are significantly increased and much shorter
imaging times are required. Therefore, the influence of biological wash-out processes is reduced, and no repo-
sitioning of the patient is necessary. However, since imaging is done in the treatment room, this compromises
the patient throughput. In addition, the integration of in-beam PET is technically challenging due to geometric
constraints and the production of background radiation during irradiation. Further improvement was suggested
by using in-beam time-of-flight-PET (TOF-PET) detectors'®.

Furthermore, the in-beam PET strategy provides the detection of the very short-lived positron emitters as > N
(T,,,=11 ms)'”'8. This option avoids the impact of biological washout, allows reducing acquisition time down
to 50 ms, and facilitates the implementation of range measurement on a spot-by-spot basis. However, optimized
PET systems are still required to increase counting statistics.

On the other hand, isotopes such as '*0, ®Zn, ®*Cu or %I exhibit a high proton-induced reaction cross sec-
tions and comparatively lower reaction thresholds'. Most of them are naturally occurring in trace amounts in
natural elements and thus do not contribute to PET activation in human tissues. It has been suggested to use com-
pounds with elements enriched in those isotopes as possible contrast media for proton PET range verification?>*!
as their use may facilitate Bragg-peak localization via PET. A high concentration of the contrast in the irradiated
area is required in order to provide a detectable activity that can be used for proton range verification. For this
purpose, the use of *0-enriched water (18-W) appears as an appealing approach®>?’ as it is a suitable substance
that can reach very high concentrations in-vivo on human tissues* by direct intravenous, intra-arterial or
intratumoral administration to the patient. Also, the substitution of regular water by 18-W does not require to
modify the treatment plan computed from a CT image of the patient, as the energy deposition and biochemical
effects in the target are not affected by the isotopic distribution of its constituent atoms. However, this must be
verified experimentally as there might be small differences of the mean excitation energy of 18-W compared to
regular water. Recently, we demonstrated the capability of 18-W for last-millimeter range verification in proton
therapy by irradiating and performing a PET scan on a water phantom filled with jellified 18-W'?. The activation
produced from the contrast agent showed an excellent correlation with the dose distribution up to several hours
after irradiation, due to the long half-life of "¥F.

In the present in-vivo study using 18-W as a contrast agent we hypothesize that, while cell membrane is per-
meable to regular water (and therefore also to 18-W), any ®F ion produced inside the cell by activation of 18-W
will remain trapped inside the cells for a relatively long time, minimizing the effects of biological washout®. In
this work, we performed an in-vivo study to evaluate our previous phantom results in a more realistic environ-
ment. For this purpose, a chicken embryo chorioallantoic membrane tumor model of head and neck cancer
was used®®. Head and neck tumours are usually treated with radiotherapy?, and for this type of cancers, proton
therapy has demonstrated clinical efficacy and potential for toxicity reduction compared to photon therapy?®.
In our experiment, the tumor was grown on the chicken chorioallantoic membrane (CAM) and infused with a
buffer containing 18-W, prior to irradiation with protons. The produced activity was monitored after irradia-
tion with a gamma radiation spectrometer and with a PET/CT scanner in order to evaluate the capability of this
technique for enhancing in-vivo range verification in proton therapy.

Materials and methods

Materials. 18-W containing 70% of **0 was purchased from a commercial vendor (Sigma-Aldrich). A 18-W
buffer was prepared by mixing 10X phosphate buffered saline (PBS 10x, lonza) and 70% 18-W at a ratio of 9:1
(v/v) obtaining a physiological buffer that was used to inoculate the tumors generated in this study.
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In-vivo chicken embryo chorioallantoic membrane tumor model. Chick CAM assays were per-
formed as previously described®°. For these experiments we used tumorigenic HEp3 cells (T-HEp3) which
are a head and neck squamous carcinoma cell line that was derived from a cervical lymph node metastasis
of a patient with squamous cell carcinoma of the oral cavity in 1954%!. Since them, it has always been kept
in vivo using either chicken embryo or mice®?. Our batch was kindly donated by Julio Aguirre-Ghiso (Mount
Sinai School of Medicine, NY)*. Briefly, 2.5x 10° T-HEp3 cells were inoculated on the chicken embryo CAM
of specific pathogen-free (SPF), fertile, 10-day-old embryonated chicken eggs (Granja Santa Isabel, Spain) and
tumors were grown for 7 days. On day 7, the eggs were transported to the accelerator facility, infused with 18-W
and irradiated. Chicken embryos were euthanized by carbon dioxide inhalation using an anoxia chamber. All
the experimental protocols were approved by the Universidad Complutense Ethics committee (Comunidad de
Madrid) in compliance with the European Community Council Directive (2010/63/EU). We followed the Ani-
mal Research: Reporting In Vivo Experiments (ARRIVE) guidelines.

Irradiation facility.  All the samples were irradiated at the Centre for Micro Analysis of Materials—Univer-
sidad Auténoma de Madrid (CMAM-UAM) using the high-current electrostatic 5-MV tandetron accelerator.
The proton beam was extracted from the external microbeam line* at an energy of 8 MeV. The optic properties
of the beam in the vacuum line were controlled by two slits in the X and Y directions, manually adjustable with
micrometric screws, and by two focusing quadrupole magnets (rotated 90 degrees). The beam exits the vacuum
line through an 8-pm-thick kapton window. A dedicated irradiation setup was built to accurately control the
irradiation time and the beam position*. For this purpose, a remote-control shutter was placed at the beam exit
and a 3-axis robotic stage was used to hold the samples and to align them with the beam.

Beam characterization and dosimetry. Prior to sample irradiation, the transversal spread of the beam
for a given configuration was characterized using Gafchromic EBT3 film at successive distances from the kapton
foil. Lateral spreads in the X and Y directions, namely o, and o,, were measured using a single-gaussian model
for the spot. Longitudinal variation of the spreads was fit to a second-degree polynomial for each dimension.
The parameters of these fits, along with the particle stopping power in water*® were introduced in an analytical
dose-calculation engine, based on a simplified version of FoCa*. This code®® was used to produce suitable treat-
ment plans for sample irradiation and to estimate the amount of absorbed dose from irradiation logs. Quality
assurance of the plans was performed by comparing the expected dose with a plan-specific treatment verification
film, after correcting for quenching effects®®.

Irradiation of eggs. Seven eggs (labeled E1-E3 for those analyzed in-vivo and T1-T4 for those analyzed ex-
vivo) were irradiated with a proton beam at the CMAM facility using the same protocol as follows. Immediately
prior to irradiation of each egg, 200 uL of 18-W buffer were applied dropwise locally to the surface of the CAM
during 5 min to facilitate its absorption within the tumor (see Fig. 1). Afterwards, the egg was irradiated accord-
ing to the following protocol. The eggs were situated at a distance of 5 cm measured from the shell to the beam
exit window. The beam was estimated to travel through an additional gap of 2.5 cm of air (see Fig. 1) between the
shell window and the tumour surface. The combined energy loss of the beam in the exit window +air gap was
estimated to be equal to 0.50 MeV. Range in water of 7.50-MeV protons is estimated at 0.74 mm?, so that any
activation observed under our experimental conditions would correspond to activation at the last millimeter of
the path in a clinical beam.

The egg was visually aligned with the beam using the robotic stage and a laser previously configured towards
the beam irradiation spot (see Fig. 1). In order to ensure hitting the target, we delivered 9 shots of 10 s duration
each (90 s in total), with a 1.2-mm separation to each other forming a 3 x 3 grid. Spot size on the surface of the
tumour was calculated at 0,=0.78 mm and 0,=0.89 mm. With this spot configuration, dose homogeneity in a
2-mm radius around the tumor center was better than 10%. The egg opening window was surrounded by radi-
ochromic film to verify a correct positioning of the samples by observing the darkening of the film produced by
the proton halo. The average beam intensity employed for 6 of the eggs (E1-E2, T1-T4) was 6.0 £0.5 nA. Tumours
were irradiated with a cumulative proton fluence of about 2.5-10"® protons/cm?, depositing a total surface dose
in the tumour (calculated in a thickness of 100 um) of 2.4-10° Gy. A lower dose was delivered to one of the eggs
(E3) using a much lower beam intensity of 150 pA, leading to a deposited dose of 127 Gy. These larger-than-usual
doses were selected in order to ensure a clear observation of the activation effect in the samples and measure
decays for a longer period, regardless of the sensitivity of the scanner, for this proof-of-principle study.

In-vivo analysis (PET/CT). The activity produced on 3 of the irradiated eggs (E1 and E2 at high dose and
E3 at lower dose) was monitored in-vivo using a SuperArgus® PET/CT scanner (Sedecal, Madrid, Spain). The
field of view (FOV) of this scanner has a diameter of 12 cm and axial length of 10 cm, uses a pixelated phoswich
detector technology combining LYSO and GSO crystals with a total thickness of 15 mm and provides a spatial
resolution down to 0.8 mm FWHM. A 10-min PET scan was performed 1 h after irradiation for the egg irradi-
ated at lower dose (E3) while a 9-h PET acquisition was started 3.5-4 h after irradiation for the eggs irradiated
at higher dose (E1 and E2). Then, a CT scan was acquired. The viability of the chicken embryos was confirmed
after the imaging session. The PET scan of E1 and E2 was reconstructed dividing the acquisition in 9 consecu-
tive frames of 60 min, while the PET scan of E3 was reconstructed as a single frame of 10 min. PET images were
reconstructed using the 3D-OSEM reconstruction software provided with the scanner®® with 225x225x127
voxels and a voxel size of 0.554 mm x 0.554 mm x 0.775 mm. Tumor volumes were manually segmented on fused
PET/CT images using Amide (http://amide.sourceforge.net/) and decay curves were obtained separately for E1
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Figure 1. Top: schematic representation of the experimental protocol followed in this study. First, the eggs
were inoculated with 18-W. Then, the eggs were irradiated with a proton beam of 8 MeV. Finally, 5 tumors were
analyzed ex-vivo with a gamma radiation detector spectrometer and 3 eggs were analyzed on a PET/CT scanner.
Bottom: pictures of the experimental setup used for the irradiation of the eggs with the external beam line at the
CMAM facility. The white circle on the right picture delineates the tumor area.

Isotope | T, [min] | Reaction channel | Reaction threshold [MeV] | Integrated cross section for 7.5-MeV protons [mb MeV]
e 20.364 “N(p,X)!'C 3.13 75.1
BN 9.965 10(p,X)"*°N 5.55 33
18R 109.77 150 (p,n) "*F 2.57 1130.7

Table 1. Isotopes included in the analysis of decay curves and reaction channels responsible for tumor
activation (including only allowed reactions for protons of 7.5 MeV).

and E2. These curves were then fitted to an exponential following the physical decay of '*F (accounting for bio-
logical washout), as all other produced isotopes have a much shorter half-life.

Ex-vivo analysis (scintillator detector). The activity produced on 4 of the irradiated eggs (T1-T4) was
recorded using a gamma radiation detector composed of a CeBr; scintillation crystal with conical shape (base
and top diameters of 25 and 19 mm respectively and 19 mm height) coupled to a Hamamatsu (R9779) photo-
multiplier tube (PMT). The detector has an energy resolution of 6% (@662 keV), and has low internal activity®.
A 3D-printed sample support was built to ensure the reproducibility of sample positioning. Within 10 min after
irradiation, each tumor was excised, weighted, placed in a 0.5-mL microcentrifuge tube and shortly centrifuged.
Then, the tube was placed on the detector and the gamma radiation emitted by the sample was recorded for
29+5 min. Afterwards, the tumors were washed with PBS for 5 min with gentle shaking, placed in a new tube,
shortly centrifuged and placed back at the detector. In this way, the isotopes in the extracellular matrix and those
that can diffuse through cell membranes will be removed leaving mainly those that are entrapped within the
cells. Another acquisition was performed for 22 + 13 min in order to determine the remaining activity entrapped
in the tumor after washing. The gamma events recorded by the detector were processed, obtaining decay curves
of the events within the 511-keV peak (+ 10% energy window width) and subtracting the background obtained
from an acquisition with no active sample placed in the detector. The decay curves (4,,,,) were fitted to a sum
of exponentials (see Eq. 1) including the decays of ''C, *N and '®F (see details in Table 1) in order to obtain the
individual contribution for each isotope.

Ameas(t) = Asny_ exp(=lisnt) + Anc) | exp(—inct) + Awsry_ exp(—risrt) (1)
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Figure 2. (a) Overlay of an estimation of the isodose contours of the delivered dose, the CT and the PET
activation for E1. A zoomed image of the irradiated area is shown in the insert. Fused PET and CT images
obtained for E1 (b), E2 (c) and E3 (d).

where A; is the initial activity (fitting parameters) and 1 ; is the decay constant for each isotope (i). °O was not
considered as its production cut-off energy (16.79 MeV) is well above the beam energy (8 MeV). The results
obtained for each isotope were decay-corrected to the start time of the measurement performed before washing
the tumor. In order to reduce the uncertainty of the fit (as the half-lives of >N and ''C are of the same order
of magnitude), a-priori information of the expected activities was employed. Specific activities of each isotope
(decay-corrected to the start of the irradiation) can be expressed as:

Ep
Agr = AoNoﬁso/ 0180(p.n)18F (E)dE (2)
0
Ep
Ay = AoNo(1 _flgo)/ 0160(p.x)13N (E)dE (3)
0
Ep
Anc = AONN/ o14N(p.x)11c(E)dE 4)
0

where N and Ny are, respectively, the number of oxygen and nitrogen atoms per unit volume, E, is the incoming
proton energy, 7.50 MeV, fi4, is the fraction of oxygen atoms of the target substituted by '*O atoms after incuba-
tion with 18-W, and A, is a constant for each irradiation encapsulating all variables which do not depend on the
specific isotope, such as received dose, tumour weight and detector efficiency. From these expressions, the ratio
of post-irradiation activities A;3y/A; ¢ can be inferred from tissue atomic compositions and reaction cross sec-
tions. Assuming an atomic composition of H 9.8%, C 19.5%, N 4.8% and O 65.0% for squamous cell carcinoma*?,
and using a Monte Carlo simulation as described in previous works'’, we estimated a ratio A ;5/A;;c=(1-f;50)
- 0.394. The percentage of '°F, ''C and *N entrapped into the tumor was obtained by comparing their specific
activities (decay-corrected to the irradiation time) before and after washing the tumor. Since the activity of
13N was almost negligible after wash (as post-wash measurements were performed over five 1*N half-lives after
irradiation) we assumed that the activity ratio A;5/A;;c was maintained after washout or, in other words, that
the washout of generated ''C and *N was similar. This assumption has negligible impact in determining the
maximum retained activity of either ''C or 1*N. The percentage of incorporated #0, or f;50, was calculated by
comparing decay-corrected specific activities of '®F and '"'C before wash.

Results

In-vivo analysis (PET/CT). The '°F activation was monitored in-vivo on 3 of the irradiated eggs using PET/
CT imaging. The chicken embryos remained viable during the entire experiment including irradiation and PET/
CT acquisitions. Figure 2A shows an estimation of the dose distribution delivered to E1 overlaid with the CT
and the PET activation images. The image is oriented in the beam’s eye view. Fused CT and PET images for El,
E2 and E3 are shown on Fig. 2b-d. The PET images for E1 and E2 correspond to the first hour of acquisition
and the PET image for E3 corresponds to the entire 10 min acquisition. PET images show a high activity signal
on the irradiated tumors placed on the CAM, while only a minor background of diffused activity is observed in
the rest of the egg or in the chicken embryo. The opening window in the eggshell can be observed on the CTs of
two of the eggs.

The decay curves obtained from the 9-h long dynamic PET images for E1 and E2 are shown on Fig. 3. The
curves were fitted to an exponential function corresponding to the physical decay of '®F multiplied by a biological
decay function®’. Combined half lives derived from the fits were (97.6+1.6) min and (101 +8) min for E1 and
E2, yielding wash-out half lives of (14.7 £2.2) and (21 + 18) h respectively. Therefore, an important result is that
the detected activity decays mostly from the disintegration of '®E i.e., little washout is observed for many hours:
the model predicts a biological decrease in 'F activity of less than 32% at 8 h after irradiation.
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Figure 3. Decay curves of E1 (left) and E2 (right) obtained from dynamic PET images (black) and the fits (red).
The red shaded area represents 95% confidence interval of the fit.

Figure 4. CT (left) and PET (right) maximum intensity projection images of E1. The bony structure of the
chicken embryo is observed on the CT and the bone uptake of the produced '®F is observed on the PET image
(yellow arrows show the jaw joint with high uptake and the cranial cavity with no uptake) as well as the activity
produced in the tumor (white arrow). PET image is overlaid with the eggshell. PET and CT images could not be
overlaid due to motion of the chicken embryo.

From this result, we can infer that the produced '®F ions remain largely entrapped within the tumor cells,
held by the electronegative potential of the cell membrane.

Figure 4 displays another activity map (with increased contrast) showing some '®F activity away from the
target area. This activity corresponds to 18-W present in the extracellular space (or blood vessels) at the time of
irradiation. This 8F is created outside the cell membrane and reaches other areas of the chicken embryo through
diffusion or circulation. Moreover, some of this radioactive fluorine appears to cluster in the bony structures
of the chicken embryo. Indeed, '*F-NaF is a well-known radiotracer used to monitor osteogenic activity for the
detection of osseous metastases®.

Ex-vivo analysis (CeBr; detector). The tumors from 4 of the irradiated eggs (T1-T4) were excised after
the irradiation and analysed with the CeBr; detector before and after washing the tumor with PBS. Figure 5
shows the decay curves measured with the gamma detector for the irradiated eggs and the fits obtained with the
contribution of different isotopes. Results are shown for measurements performed before and after washing the
tumor with PBS. A large production of ¥F can be observed before washing the tumor with contributions from
"'Cand PN.

Figure 6 (top) shows absolute specific activity of the three considered isotopes at the beginning of each meas-
urement, obtained from the fits. Differences in activity between T1-T4 tumours can be explained by tumour
size, 180 captation, and time elapsed between irradiation and start of measurement. Estimated captation levels
(in unwashed tumors) ranged from a minimum of 0.61% in T1 to a maximum of 3.0% in T4, expressed as the
fraction of '°O atoms replaced by *0, or fi40.

Figure 6 (bottom) shows the percentage of retained activity of the different isotopes considered, calculated as
the ratio of activities corrected by the physical decay, analyzed ex-vivo with the gamma detector. The weighted
average shows a retention of (59+9)% for 'F, significantly higher than the estimated retention of ''C and "N,
calculated at (14+26)%. The high uncertainty in this number is due to the shorter half-lives of ''C and *N, as
most of their activity had physically decayed by the time the post-wash measurements were performed. Still, the
results for the washed tumors highlight that a large portion of the produced '*F remains entrapped in the tumor
while all other isotopes have been washed out or have physically decayed.
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Figure 5. Decay curves (black) of gamma events recorded with the CeBr; detector from tumors T1-T4
inoculated with 18-W and irradiated with a proton beam before (left) and after (right) washing the tumor with
PBS. Decay curves were fitted (purple) to a sum of exponentials to obtain the contribution from ''C (red), °N
(green) and '8F (blue). Measurement of T3 activity was stopped for 10 min and then resumed, hence the gap in

activity shown in the plot.
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Figure 6. (top) Measured activity in counts per second (cps) from tumors T1-T4 corresponding to ''C (red),
N (green), and 'F (blue) at the beginning of the measurements (t,,.,s), performed at post-irradiation time
and on washed tumors. (bottom) Percentage of retained activity on the irradiated tumors (T1-T4) obtained by
comparison of the decay-corrected specific activity at the irradiation time before and after washing the tumors.
Error bars represent the 1-sigma confidence interval.

Discussion

Analysis of the observed results. In this study, the proton activation in the last millimeter of the proton
path was observed in-vivo by PET imaging. For this purpose, we inoculated 18-W into the tumor of a chicken
embryo CAM tumor model of head and neck cancer prior to proton irradiation inducing the production of
I8F that gets entrapped inside the tumor and can be later detected by PET imaging. Furthermore, we observed
for the first time the biodistribution of in-vivo produced '*F radiotracer in the bony structures of the chicken
embryo (see Fig. 4).

The use of 18-W for proton range verification was first proposed by Cho et al.?!~* using implantable markers
or hydrogels encapsulating 18-W and its feasibility was tested in phantoms. Instead, we proposed in a previous
study the direct administration of 18-W to the patient'. In the present work we test this approach in an animal
model for the first time. Several range verification techniques have already been tested in patients>*° although
they are still not used in the clinical routine.
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Figure 7. Fused PET and CT images obtained for E1 acquired 4 (left), 6 (middle), and 8 (right) hours after
irradiation. The color scale of the PET images was adjusted for each particular image.

The low energy threshold in the production of '®F (2.6 MeV, proton range in water of 115 um) induces sample
activation in very close proximity to the end of the proton path, enabling more accurate range verification than
other isotopes, such as ''C and O, which are not produced in the last few mm. The 8-MeV proton beam was used
to irradiate the implanted tumor onto the CAM, previously inoculated with 18-W. This led to 7.5-MeV protons
entering the tumor with a range in water of 740 um, ensuring that dose deposition and activation occurred only at
the equivalent of the distal end of a clinical beam. Results shown in Fig. 6 demonstrate that most of the remaining
activity in the tumor a few minutes after irradiation corresponds to ¥*F and more than half of the produced '*F
is entrapped within the tumor. Long-term entrapment of '°F was confirmed in-vivo by the dynamic PET images
obtained for two of the irradiated eggs (E1 and E2).

Determination of retained activity was measured with reasonable accuracy (better than 10%) for °F, but with
not so good accuracy for ''C and "N, due to the long time elapsed between irradiation and post-wash measure-
ments. However, available data allows us to calculate an upper limit on the activity retention for ''C and "*N at
40%, proving that 'F is retained in the cells at a significantly higher quantity than other produced isotopes. Still,
further studies with shorter delay times between pre-wash and post-wash measurements would be required to
increase the accuracy of the entrapment measurements for short-lived isotopes.

The mechanism for the entrapment of ®F within the tumor may be explained as follows. Water is a dif-
fusible agent that is not extracted or entrapped within the cells but rather freely diffuses across membranes*.
Once the '8F jon is produced, it no longer has the ability to cross the cell membrane due to its charge, and gets
intracellularly entrapped if produced within the cytoplasm*. Although the anionic channels in the cells are not
highly specific, it is known that they show only a very small permeability to the fluoride ion*. In addition, *F
in aqueous solution forms hydrogen bonds with the surrounding water molecules and becomes unreactive for
nucleophilic substitution®®.

Remaining challenges for clinical application. In order to produce enough “F activity allowing for
its visualization using PET scanners, a high concentration of 18-W within the tumor is required. In this study,
the 18-W buffer was directly applied on top of the tumor as is typically performed for drug administration in
the chicken CAM model. For clinical application, different routes of administration and irradiation protocols
must be explored to ensure maximal concentration of 18-W in the tumor and surrounding tissues, while using
a reasonable amount of this costly contrast agent. ¥O-water is regularly used all around the world as a target
for production of **F for PET imaging. In addition, doubly labeled water (*H,'®0) has been used for decades for
measuring energy expenditure in free-living animals* and in humans®. In any case, we must explore techniques
that allow obtaining and using #O-water at a reduced cost. The dose delivered to the tumor in this study was
noticeably higher than in a typical clinical fraction (~2 Gy) and the sensitivity of the preclinical PET scanner is
about 5 times higher than that of a clinical PET scanner. In this work, usable PET images were still obtained from
4 to 8 h after irradiation (where initial activity had decayed by factors of 4.5 and 20, respectively, as displayed in
Fig. 7) and E3 was irradiated with a much lower dose than E1 and E2 and the activation was clearly visible one
hour after irradiation (see Fig. 2D).

In order to estimate the clinical feasibility of the proposed technique, we performed a Monte Carlo simula-
tion using TOPAS®!. A proton beam of 8 MeV was used to deliver a dose of 2 Gy at the Bragg Peak to a target
containing 30% of 18-W achieving a "¥F activity of 0.5 Bq/mm?®. A minimum detectable activity of 148 Bq/mm?
has been reported for clinical PET scanners®?. However, the latest generation of PET scanners®>** provide many
technological improvements including increased sensitivity, excellent time-of-flight resolution and advanced
reconstruction algorithms which may allow for the detection of lower activity concentration. Furthermore,
those estimations were made for standard clinical scan duration (3-5 min) and signal to background ratio while
PET scans for proton range verification can be extended for 20-30 min in a single bed position and there is no
activity out of the irradiated volume. Finally, there is ample room for improvement in *O captation (estimated
at below 3% for this study), suggesting that lower doses could be explored if captation is increased. Therefore,
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future experiments should evaluate the feasibility of the proposed technique in an environment closer to the
clinical conditions.

In a previous phantom study'?, we have shown that the position of the Bragg peak can be determined within
2 mm when having 10% 18-W after a 20 Gy proton beam irradiation. Therefore, we can expect that all previously
mentioned improvements could provide a similar range verification accuracy in an in-vivo setup.

As mentioned in the introduction, proton range verification can also be performed using in-beam PET
detectors'® and very-short-lived isotopes'”. Those techniques would benefit from some of the improvements
mentioned above, like increased sensitivity and improved time-of-flight resolutions. Therefore, future studies
will be needed to determine which technique suits better for clinical application. In addition, range verification
based on prompt gamma imaging has been recently tested in a clinical environment showing promising results,
although further studies are required, particularly for beams with high instantaneous currents*-*.

Conclusion

The use of 18-W as a suitable contrast agent for in-vivo range verification in proton therapy has been evaluated
in-vivo in a chicken embryo CAM tumor model of head and neck cancer. Results show '°F activation and reten-
tion within the tumor in the last millimeter of the proton range, which enables direct proton range measure-
ment using offline PET imaging. The longer half-life of '®F makes it possible to detect it in readily available PET
scanners more than 2 h after irradiation to minimize the contribution from other isotopes with high production
thresholds while a large fraction of the produced '®F remains entrapped within the tumor cells.

The observed results encourage us to proceed with further in-vivo experiments in larger animals and with
clinically relevant proton beam energies to validate and assess the capabilities of 18-W as a suitable contrast agent
for range verification in proton therapy. In order to achieve a high-enough '*O concentration in the irradiated
volume, different routes of administration and irradiation protocols will also be studied.
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