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Abstract

Purpose: This work has two related objectives. The first is to estimate the relative
biological effectiveness of two radioactive heavy ion beams based on experimental mea-
surements, and compare these to the relative biological effectiveness of corresponding
stable isotopes to determine whether or not they are therapeutically equivalent. The
second aim is to quantitatively compare the quality of images acquired post-irradiation
using an in-beam whole-body positron emission tomography scanner for range verifi-
cation quality assurance.



Methods: The energy deposited by monoenergetic beams of ''C at 350 MeV /u,
150 at 250 MeV /u, 12C at 350 MeV /u and 190 at 430 MeV /u were measured using a
cruciform transmission ionisation chamber in a water phantom at the Heavy Ion Med-
ical Accelerator in Chiba (HIMAC), Japan. Dose-mean lineal energy was measured
at various depths along the path of each beam in a water phantom using a silicon-
on-insulator mushroom microdosimeter. Using the modified microdosimetric kinetic
model, the relative biological effectiveness at 10% survival fraction of the radioactive
ion beams was evaluated and compared to that of the corresponding stable ions along
the path of the beam. Finally, the post-irradiation distributions of positron annihi-
lations resulting from the decay of positron-emitting nuclei were measured for each
beam in a gelatin phantom using the in-beam whole-body positron emission tomog-
raphy scanner at HIMAC. The depth of maximum positron-annihilation density was
compared with the depth of maximum dose deposition and the signal-to-background
ratios were calculated and compared for images acquired over 5 minutes and 20 min-
utes post irradiation of the phantom.

Results: In the entrance region, the RBEjg was 1.2 £ 0.1 for both "'C and 2C
beams, while for 10 and 160 it was 1.4 £ 0.1 and 1.3 & 0.1, respectively. At the
Bragg peak, the RBEjy was 2.7 & 0.4 for ''C and 2.9 + 0.4 for '2C, while for 50
and 100 it was 2.7 & 0.4 and 2.8 & 0.4, respectively. In the tail region, RBE{o could
only be evaluated for carbon; the RBEg was 1.6 + 0.2 and 1.5 £ 0.1 for ''C and '2C,
respectively.

Positron emission tomography images obtained from gelatin targets irradiated by ra-
dioactive ion beams exhibit markedly improved signal-to-background ratios compared
to those obtained from targets irradiated by non-radioactive ion beams, with 5-fold
and 11-fold increases in the ratios calculated for the O and ''C images compared
with the values obtained for 'O and '2C, respectively. The difference between the
depth of maximum dose and the depth of maximum positron annihilation density is
2.440.8 mm for ''C, compared to -5.6 &+ 0.8 mm for '2C and 0.9 + 0.8 mm for 10O
versus -6.6 + 0.8 mm for 160.

Conclusions: The RBE;q values for ''C and 50 were found to be within the 95%
confidence interval of the RBEs estimated for their corresponding stable isotopes across
each of the regions in which it was evaluated. Furthermore, for a given dose, ''C and
150 beams produce much better quality images for range verification compared with
12C and 100, in particular with regards to estimating the location of the Bragg peak.

il
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. Introduction

Heavy ion therapy (HIT) is a form of radiotherapy in which highly accelerated ions are used

123 The major advantage of HIT over

to deliver a therapeutic dose to a treatment region
conventional photon therapy is that the kinetic energy carried by the ions is deposited in
a highly localised, energy-dependent region at the end of their range, known as the Bragg
Peak*?. Additionally, heavy ions have high relative biological effectiveness (RBE) in the
target region, making HIT well-suited for the treatment of deep seated and radio-resistant

tumours 2367,

The dose delivered by HIT can be localised to a target with a sharply-defined distal and
lateral boundary, which can result in steep dose gradients between the target volume and the
surrounding tissue®®. As such, there is considerable interest in accurate quality assurance
(QA) techniques for heavy ion therapy which can verify that the delivered dose distribution
matches the treatment plan®!%1112:13.14 " One of the most promising methods for dose verifi-
cation QA is to image the short-lived positron-emitting radionuclides created through nuclear
fragmentation between the ions in the beam and nuclei in the target material®!%16:17, There
has been significant research into design and development of in-beam positron emission to-
mography (PET) scanners which can be positioned around the patient during treatment to
measure the distribution of positron annihilations which occur during the inter-spill period

of pulsed synchrotron-based irradiation (or similar) and post irradiation 1121819,

In-beam PET imaging can be challenging due to the low yield of positron-emitting
radionuclides relative to the delivered dose, which limits the signal-to-noise ratio (SNR)
of the acquired PET image, and hence the accuracy with which the treated volume can
be visualised. To increase the number of annihilation photons around the particle stopping
point, a positron-emitting primary beam can be used 2%-21:22:23:24,25,2627 - Gince the PET signal
is now generated from unfragmented positron-emitting primary ions in addition to positron-
emitting fragmentation products, the SNR of the resulting images is greatly improved?%2?.
This will also result in a stronger correlation between the activity peak and the dose peak
compared to non-radioactive beams, since most of the radioactive ions decay near their
stopping point in the vicinity of the Bragg peak. In previous work, we have extensively
characterised the use of radioactive ions and compared them to their corresponding stable

isotopes using the Geant4 Monte Carlo simulation framework, including spatio-temporal

Last edited: April 5, 2020
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analysis of positron-emitting fragmentation product distribution and simulated acquisition

of PET images?®’.

The relative biological effectiveness of a radiation field can be evaluated using the mod-
ified microdosimetric kinetic model (MKM) together with an experimentally-measured mi-
crodosimetric spectrum, as proposed by Kase et al.®3". Previous studies by Tran et al. have
used a silicon-on-insulator mushroom microdosimeter, developed by the University of Wol-
longong’s Centre for Medical Radiation Physics (CMRP), to measure the microdosimetric
properties of 2C, N, and '°0 ion beams and hence estimate the relative biological effec-
tiveness of these beams?3!3%33. However, to date, the RBE of therapeutic radioactive heavy
ion beams has not been experimentally evaluated. Therefore, to enable correct treatment
planning with radioactive heavy ion beams, it is essential to measure their microdosimetric
properties and hence evaluate their RBEs, and compare them to those of the corresponding

stable ion species.

In this work, the relative biological effectiveness (RBE;) of therapeutic monoenergetic
11C and O heavy ion beams with energies of at 350 MeV /u and 250 MeV /u, respectively,
were experimentally estimated for 10% survival probability of human salivary gland cells,
using the microdosimetric kinetic model and compared to the corresponding respective stable
ion species (?C at 350 MeV/u and '°0 at 430 MeV/u) at multiple locations along the
path of the beam. Measurements were performed in a water phantom at the Heavy Ion
Medical Accelerator (HIMAC), Chiba, Japan, using the same CMRP silicon-on-insulator
mushroom microdosimeter previously used by Tran et al. for measuring the microdosimetric
properties of the non-radioactive ion species. Finally, post-irradiation PET images of a
gelatin phantom were acquired for all radioactive and stable ion beams using the NIRS in-
beam whole-body depth of interaction positron emission tomography (DOI-PET) scanner>*.
Positron annihilation yield profiles were estimated along the path of the beam, and the
location of maximum annihilation density compared with the position of the peak of the
depth-dose curves. The signal to background ratios (SBRs) of the PET images obtained

with radioactive and stable ion beams were also compared.

The experimental configuration used for the three experiments is described in Section ..
The energy deposition measurements are detailed in Section II.A.; the microdosimetry mea-

surements are discussed in Section II.C., and finally, details about the PET measurements

l.  INTRODUCTION
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are presented in Section II.D.. Experimental results are presented and discussed in Sec-
tion Ill.: energy deposition measurements in Section Ill.A.; microdosimetric measurements
in Section IlI.C. and PET measurements in Section IlI.D.. A final summary and conclusion

of the work is presented in Section IV..

[I. Materials and Methods

All experimental measurements were performed at the special physics beamline at the Heavy
Ion Medical Accelerator in Chiba, Japan. The beam parameters used for the experiments
are listed in Table 1. Beam spill periods were 3.3 s, consisting of a beam-on time of 1.9 s
followed by a beam-off time of 1.4 s. The production of O at HIMAC’s secondary beam
course is presently optimised for an energy of 250 MeV /u and is produced from a 430 MeV /u
160 beam passing through a 60 mm beryllium target (resulting in an O beam with 97%
purity); by contrast, *C is produced from a '?C beam passing through a 51 mm beryllium
target, with several primary beam energies available such that 'C and '2C can both be
produced at 350 MeV/u. The details of these production methods have been described

elsewhere 10:21,26,29

lI.LA. Energy deposition

To obtain depth-dose and transverse profiles for each ion beam, the energy deposited by
350 MeV/u MC, 350 MeV/u 2C, 250 MeV/u 0O and 430 MeV/u %O ion beams was
measured as a function of depth and lateral/vertical displacement in a water phantom.
A cruciform transmission ionisation chamber array, positioned normal to the beam and
mounted on a linear actuator with a stepping resolution of 0.1 mm was moved parallel to

Table 1: Nominal beam parameters

Ion Energy (MeV/u) Momentum acceptance (%) Beam intensity (pps)

HC 350 +2.5 1.03x107
12C 350 +0.1 2.63x10°
150 250 +2.5 6.42x10°
160 430 +0.1 6.42x106

Last edited: April 5, 2020
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the path of the beam (Figure 1 (a) and (b)). The data were normalised to a beam monitor

in the beam line to compensate for possible beam intensity fluctuations.

II.B. Beam geometry

The two-dimensional transverse beam size was calculated by fitting a 2D Gaussian function
to the transverse dose profiles at the shallowest depth. The energy deposited for each beam
was normalised to that measured at the first physically measurable depth in the phantom

(26.1 mm).

II.C. Microdosimetry and RBE

The CMRP silicon-on-insulator mushroom microdosimeter was used to measure the micro-
dosimetric properties of each ion beam. The microdosimeter was placed in a waterproof
PMMA sheath, submerged in a water phantom, and aligned with the centre of the beam
path at both ends of its range of travel using precise laser measurement instruments. The
microdosimeter was connected to an overhead stepper motor driver with a stepping resolu-
tion of 0.1 mm and a linear travel of 200 mm along the beam axis, such that measurements
can be performed at multiple points along the path of the beam (Figure 1 (¢) and (d)).
Due to the limited size of the water phantom, an 80 mm thick poly(methyl methacrylate),
(PMMA) range shifter was used with the '2C beam to shift the location of the Bragg peak
to the approximate centre of the phantom. Similarly, 60 mm and 90 mm PMMA range
shifters were used for the 'C and *O beams, respectively; the range of the 0O beam was

sufficiently shallow that a range shifter was not required.

To calculate the microdosimetric properties and the RBE;,, the energy deposited by
each particle as it traverses the sensitive volume was recorded using the CMRP silicon-on-
insulator mushroom microdosimeter and an Amptek 8000A multi-channel analyser. The
deposited energy was then converted to the lineal energy by dividing each energy channel
by the (lpatn) (mean path length) of the microdosimeter (9.1 pm) multiplied by a silicon-to-
tissue correction factor of 0.583°. The silicon-to-tissue correction factor and (lpatn) were used
here rather than the mean chord length due to the directionality of a charged particle beam,

as proposed by Bolst et al.?>. The microdosimeteric dose-mean lineal energy 77, and RBE;

[I. MATERIALS AND METHODS [1.B. Beam geometry
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were then calculated using the modified microdosimetric kinetic model, calculated for 10%

survival probability of human salivary gland cells®?.

I.D. PET imaging

Two open rectangular containers with internal dimensions of 92x92x292 mm were con-
structed from 4 mm thick PMMA sheets and filled with gelatin solution made with distilled
water, with a density of 1.001 £ 0.02 g/cm?. Gelatin is functionally equivalent to liquid water
and allows for imaging of distribution of positron-emitting fragmentation products without
convection or diffusion-induced migration! within the medium?3”. The gelatin phantom was
positioned so that the expected position of the Bragg peak was aligned with the centre of
the PET scanner’s field of view (Figure 1 (e) and (f)). Three repeated measurements were
performed, the first and third repeat using one phantom, and the second repeat using the
second phantom (with the first being reused after allowing a period of two hours to elapse
for the induced radioactivity to decay to background levels). A total of 100 spills were used
for 2C beam, 20 spills were used for '*C, while both O and 'O beams used 40 spills. The
varying number of spills were needed to accommodate the variability of available particle

intensity between beam types (see Table 1).

The distribution of positron annihilations resulting from the decay of positron-emitting
nuclei in the irradiated target was experimentally measured for each beam using a whole-
body DOI-PET scanner over periods of 5 and 20 minutes immediately post irradiation. The
5 minute acquisition allows the quality of images resulting largely from the decay of the
short-lived isotopes to be evaluated and compared to an acquisition over 20 minutes which
includes contributions from all three positron-emitting isotopes. A 5-minute acquisition is
also of clinical interest since it does not extend the duration of the therapeutic procedure
(the room cannot be entered immediately after irradiation due to the need to allow the
background activity in the room to decay to safe levels). Both 5-minute and 20-minute

acquisitions are feasible acquisition periods for in-beam PET systems.

3

PET images with a voxel size of 1.5x1.5x1.5 mm® were generated using the 3D ordinary

Poisson ordered-subset-expectation-maximisation (3D-OP-OSEM) reconstruction algorithm.

IThe gelatin was kept below 20°C at all times, ensuring low viscosity and hence restricting migration of
positron-emitting fragments via convection or diffusion during the experiment 3.

Last edited: April 5, 2020 [1.D. PET imaging
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Figure 1: The experimental configurations for all the measurements.

Normalisation, random correction and attenuation correction were applied, however, scatter
correction was not necessary as scattering has a negligible impact on the estimated distri-
bution of positron-emitting fragments in the vicinity of the Bragg peak?. Finally, overall

image intensity was normalised by the number of primary particles.

[1l. Results and discussion

lIILA.  Energy deposition

Depth-dose curves for 350 MeV /u ''C and 350 MeV /u '*C ion beams in the water phantom
are shown in Figure 2a, while curves for 250 MeV/u 30O and 430 MeV /u '°0O are shown
in Figure 2b. Dose is normalised to the first measured point, with a vertical dashed line
drawn at the position of the Bragg peak (estimated as the depth at which maximum dose is

recorded).

The depth-dose profiles of the radioactive ion beams exhibit a larger beam energy spread

IIl.  RESULTS AND DISCUSSION
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Figure 2: Depth-dose curves for each of the evaluated ion species.

Table 2: Beam geometry

Ion o, (mm) o, (mm)

1C  5.68 5.75
2C 3.76 3.78
150 8.42 9.76
160 3.78 3.83

compared to those of the corresponding stable ion beams. This results in the normalised
energy deposited at the Bragg peaks being more spread out and having a lower peak to
entrance ratio than for the stable beams, even though the Bragg peak of the radioactive
beams is at a shallower depth compared with the stable beam. The beam energy spread is
larger for the radioactive 1'C and 'O beams as the ions are created by fragmentation of the

stable 12C or %0 beams, respectively (see Table 1).

[1I.B. Beam geometry

The Gaussian lateral size parameter o for each beam in x and y dimensions is shown in Table
2. These were multiplied by 2v/21n 10 to compute the full width at tenth maximum (FWTM)
used for delineating the region used for PET image analysis to estimate the distribution of

positron annihilations described in Section II1.D..

Last edited: April 5, 2020 [11.B. Beam geometry
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Figure 3: The experimentally-evaluated value of 3, plotted as a func-
tion of depth, for the positron-emitting radioactive and stable isotopes
of carbon and oxygen ions in a water phantom. Vertical dashed lines
represent the positions of the Bragg peaks (obtained from the macro-
scopic depth-dose measurements).

lII.C. Microdosimetry and RBE

The microdosimetric quantity p was measured in the water phantom, using the silicon-on-
insulator mushroom microdosimeter, and is plotted as a function of depth in Figure 3a for
C/12C and Figure 3b for *0/1°0. For each figure, a vertical dashed line is drawn at the
Bragg peak (obtained from the depth-dose measurements). The values of 7 in the entrance,
Bragg peak and tail regions for the carbon beams and in the entrance and Bragg peak regions
for oxygen are tabulated in Table 3. 75 was not evaluated in the tail region for oxygen due

to an unexpected problem during data collection for this experiment.

The evaluated RBEy, is plotted as a function of depth for *C/!2C in Figure 4a and
Figure 4b for *0/'0. For each figure, a vertical dashed line is drawn at the Bragg peak.
The evaluated RBE; values in the entrance, Bragg peak and tail region are tabulated in

Table 4 (with the exception of the tail regions of the oxygen ion beams).

The value of 75 is in close agreement in the entrance and tail regions for 'C and
12C (the mean value for each isotope is within the 95% confidence interval of the other);
however, in the Bragg peak region, 7p is 24% higher for ?C than for *C. This may be

a result of the greater momentum spread of the ''C beam relative to 2C. For 2O, yp

IIl.  RESULTS AND DISCUSSION [11.C.  Microdosimetry and RBE
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Table 3: The experimentally-evaluated mean values of 5 in each re-
gion for the positron-emitting radioactive and stable isotopes of carbon
and oxygen in a water phantom.

yp (keV/um)

Ion Energy Entrance Bragg Peak Tail
HC 350 MeV/u 151 £0.4 155 4 2 3B £1
12C 350 MeV/u 14.8 £ 0.3 192 + 2 37 £ 2
150 250 MeV/u 24.7+£0.2 110 &£ 0.7 -

160 430 MeV/u 21.1 +£0.2 111 4+ 0.3 -

Table 4: The experimentally-evaluated values of RBE;, in each region
for the positron-emitting radioactive and stable isotopes of carbon and
oxygen in a water phantom.

RBE,
Ion Energy Entrance Bragg Peak Tail
G 350 MeV/u 1.2 +£0.1 27+04 1.6 £ 0.2
2 350 MeV/u 12401 29404 1.5+ 0.1
150 250 MeV/u 1.4 +0.1 27+04 -
160 430 MeV/u 1.3 £ 0.1 28 +04 -

Last edited: April 5, 2020
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Figure 4: RBE;, for the positron-emitting radioactive and stable iso-

topes of carbon and oxygen in a water phantom, plotted as a function

of depth with 95% confidence intervals. The vertical dashed lines rep-

resent the positions of the Bragg peaks.
is approximately 17% higher in the entrance region than for O (each mean value being
outside the 95% confidence intervals of its counterpart), while being close to identical in
the Bragg peak region (being lower by 0.81% for O relative to %0, and just outside of
each others’ respective 95% confidence intervals). The discrepancy in the entrance region
may be due to the lower energy of the O ion beam (constrained by the limitations of
the available beamline and radioactive ion production method), causing the microdosimetric
spectrum measurements obtained in the entrance region to include some contribution from
the build-up region. While yp could not be evaluated in the tail region for the oxygen beams,
this region receives the least dose of the three, and based on the other results obtained in
this study and our previously published simulation-based estimates of the RBE;y of the

27

radioactive beams=’, we do not expect significant deviations between the values of yp for

the stable and radioactive isotopes of oxygen in the tail region.

The RBE;( of !C and 2C are in close agreement, with the mean value for each isotope
being within the 95% confidence interval of the other in all three regions. Similarly, for 1O
and °0, the RBE;( values are within mutual 95% confidence intervals in the entrance and
build-up/Bragg peak regions, with RBE;y not being evaluated for the tail reason (since we

were unable to evaluate yp in this region for oxygen).

IIl.  RESULTS AND DISCUSSION [11.C.  Microdosimetry and RBE
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The similarity in relative biological effectiveness calculated for the radioactive and sta-
ble heavy ion beams, particularly in the build-up/Bragg peak regions where the dose and
dose gradients are highest, indicates that a radioactive positron-emitting ion species could
be substituted for the corresponding stable isotope without significantly altering the bio-
logical effects. It is hypothesised that current treatment methods and treatment-planning
systems could therefore be used to treat patients with radioactive heavy ion beams with
minimal changes due to the near-equivalence of the RBEq. These results closely agree with
our previously reported theoretical /simulation results (2.740.4 experimental versus 2.940.5
simulated for 1*'C, 2.940.4 vs. 3£0.2 for 12C, 2.7+ 0.4 vs. 2.4£0.2 for 1?0 and 2.840.4 vs.
2.840.6 for )27,

I1.D. PET image quality

Total annihilation photon yield per incident primary particle measured by the in-beam whole-
body DOI-PET imaging system are shown in Figure 5a for ''C/'C and Figure 5b for 1°0 /160
ion beams, respectively. Plots of dose deposited along the path of the beam (normalised
to entrance dose) are overlaid on top. The correlation between the Bragg peak and the
point at which the maximum density of annihilations is observed is much stronger for the
radioactive beams, with the mean difference between the location of the Bragg peak (taken
as the depth of maximum macroscopic dose) and the point at which the maximum density
of annihilations is observed being 2.440.8 mm for "C and 0.940.8 mm for °0O, compared
to -5.6+0.8 mm for 2C and -6.64-0.8 mm for 0. These results also demonstrate that the
location of the point of maximum annihilation photon density is distal to the Bragg peak for
the radioactive beams while proximal for the stable ion beams, which are in agreement with
measurements previously reported by Mohammadi et al. and Augusto et al.?%2?. This is a
consequence of the PET signal from positron-emitting radioactive beams being dominated by
unfragmented positron-emitting primary particles, which predominantly stop in the Bragg
peak region. In contrast, positron annihilation yield resulting from stable ion irradiation
is mainly due to fragmentation of the primary nuclei at the end of their path, resulting in
lighter radioactive fragments which stop at a shorter range compared to the unfragmented

heavier stable primary ion.

PET images acquired over 5 minutes and 20 minutes using each of the four beams are

Last edited: April 5, 2020 I1.D.  PET image quality
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Figure 5: Cumulative positron annihilations per incident primary par-

ticle and entrance-normalised dose as a function of depth for each ion

beam. Depth of maximum dose is indicated with A; depth of maxi-

mum positron annihilation density is indicated with x. Acquisition time

was 20 minutes following final the spill.
shown in Figures 6 and 7, respectively. Image intensity is expressed in terms of positron
yield per primary particle, with the same dynamic ranged used for all subfigures. The
left-hand subfigures, corresponding to "'C and 2O, illustrate the precision with which the
build-up/Bragg peak can be resolved when positron-emitting radioactive ion beams are used
to deliver the dose. By contrast, the right-hand subfigures illustrate show that although the
distal edge can be resolved quite accurately, the proximal edge is only weakly resolved, with
poor contrast between the Bragg peak region and the entrance region (particularly for 12C).
This is because the entire yield of positron-emitting radionuclides in the field of view is due to
non-elastic collisions along the entire path of the beam, whereas for the radioactive beams,
the majority of positron yield is due to the decay of unfragmented primary particles at
their stopping point (near the Bragg peak). The unfragmented primary particle component
strongly dominates the signal in the Bragg peak region, while in the entrance region, positron
yield is dominated by target fragmentation, which is similar for both stable and radioactive

ion beams.

The signal-to-background ratio (SBR), defined as ratio between average intensity of
subset of pixels with more than 90% of the peak yield per primary particle to the mean
image intensity in the tail region, are shown for each ion species in Table 5. The tail region

is considered as the background reference to illustrate the effectiveness of each beam type

IIl.  RESULTS AND DISCUSSION [1.D.  PET image quality
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Figure 6: PET images for each beam type after 5 minutes of acquisi-

tion. Image intensity corresponds to the activity generated within the

phantom per primary ion beam fluence (cumulative number of ions per
2

cm?).

Table 5: Peak-signal to background ratios

Isotope 5 minutes 20 minutes

e 4054 7390
2¢ 404 670
150 20408 20474
160 3938 3970

Last edited: April 5, 2020 I1.D.  PET image quality
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Figure 7: PET images for each beam type after 20 minutes of acquisi-

tion. Image intensity corresponds to the activity generated within the

phantom per primary ion beam fluence (cumulative number of ions per
2

cm?).
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for range verification; a similar enhancement in SBR is seen if the entrance region is used as
the reference. The SBR for ' C is better than that of 2C by a factor of 10 and 11 after 5
and 20 minutes of image acquisition, respectively, while for O is 5.18 and 5.15 times better
than for O for 5 and 20-minute acquisitions, respectively. These results are in very good

agreement with our previously published simulation results?”.

V. Conclusion

In this study, the microdosimetric dose-mean lineal energy ¥y of therapeutic heavy ion beams
of positron-emitting radioactive isotopes 1'C and O (at 350 MeV /u and 250 MeV /u, re-
spectively), and their corresponding stable ion species, 12C and %O (at 350 MeV /u and 430
MeV /u), respectively was measured using the CMRP silicon-on-insulator mushroom micro-
dosimeter in a water phantom, and hence the relative biological effectiveness was calculated
for each beam. The RBE;y of the radioactive beams was found to be equivalent to those
of their respective stable beams to within the 95% confidence interval in the entrance, peak
and tail regions. The raw values of yp of the radioactive ion beams were very similar to
those of the stable beams in most cases, despite the different beam energies, energy spreads
and beam sizes. Additionally, post-irradiation PET images for range verification were of
much better quality when positron-emitting radioactive ion species are used instead of their
stable counterparts, with 5 to 11-fold improvements observed in the signal-to-background
ratio. The location of the annihilation peak also corresponds more closely with the location
of the Bragg peak for the radioactive ions compared to stable ions. Therefore, with equiv-
alent relative biological effectiveness and a large increase in statistics for quality assurance
imaging, the use of positron emitting primary beams remains an enticing choice for use in

heavy ion therapy.
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