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Summary. — Boron Neutron Capture Therapy is an innovative and highly selective
treatment against cancer. Nowadays in vivo boron dosimetry is an important issue
to carry out such therapy in clinical environments. In this work, we study the
performance of a Compton camera detector based on a 3D CZT crystal for online
dosimetry in BNCT using Monte Carlo simulations and the maximum likelihood
expectation maximization method for tomography reconstruction.

1. — Introduction

Boron Neutron Capture Therapy (BNCT) is an innovative hadrontherapy with high
selectivity over cancer tissue based on the neutron capture reaction °B(n,a)Li [1,2].
The BNCT is performed by first delivering a specifically designed '°B-enriched molecule
to the tumor cell, and by the subsequent irradiation with thermal neutron.

The non-radioactive isotope boron-10 (B10), when irradiated with low energy neu-
trons (cross section of 3837 barn at 0.025 eV) produces a boron-11 unstable nucleus which
converts in approximately 1072 s with a 94% yield, into an a-particle and an excited "Li*
recoil nucleus. The excited lithium nucleus then decays emitting a prompt gamma ray
of 478keV. The reaction has a positive QQ-value of 2.78 MeV and the products have high
linear energy transfer (LET) that deposits the energy within a range <10 pm, making the
energy transfer (up to 83% on average) in the cancer cell possible. The prompt gamma
emission and short range of the reaction products guarantee the spatial correlation.

A topic of primary importance in BNCT dosimetry is the measurement of the dose
given to the patient during treatments. Nowadays the boron dosimetry is carried out
through indirect and separated measurements of B10 concentration by several blood

Creative Commons Attribution 4.0 License (https://creativecommons.org/licenses/by/4.0) 1



2 D. RAMOS et al.

First Scattering

E-"| | Photon Absomption (b)

(a)

Fig. 1. — Compton camera imaging schema. (a) Compton camera principle, (b) overlapped cones
in the most likely position of the source.

tests (before, meanwhile and after irradiation), and local thermal neutron flux estima-
tions made by treatment planning systems. This procedure leads to large uncertainties in
clinical dosimetry. Therefore a possible protocol based on the measurement of the prompt
gamma-ray of 478 keV becomes significant to be able to reconstruct in vivo the spatial
distribution of the dose in the area of interest. To such aim, we will investigate imaging al-
gorithm methods such as computed tomography using “Compton Camera techniques” [3].

In this approach, a 3D sensor capable to determine, in addition to the energy of
the emitted photon, also its position, is needed. In this contest a high-resolution 3D
cadmium-zinc-telluride (CZT) drift strip detector has been proposed, able to perform
room-temperature measurements of photon energy, timing and 3D positioning up to the
MeV region. Recently, very preliminary results of the spectroscopic capabilities of such
spectro-imager has been reported in the energy range of interest of BNCT [4].

In this work, we have used Monte Carlo simulations and the Maximum Likelihood
Expectation Maximization (MLEM) iterative method to study the 3D CZT Compton
camera detector performance within the BNCT framework.

2. — Compton imaging

The Compton camera method to reconstruct images is based on Compton kinematics
to find the origin of the detected gamma ray. Typically the camera is constituted by two
distinct detectors: the first one known as scatterer and having the function of promoting
the Compton interaction of the incident gamma; the second one known as the absorber
to stop, by photoelectric effect, the scattered photon. Generally the two detectors are
separated thus delimiting a small working solid angle of the Compton Camera. The
possibility of having a double layer detector acting at the same time as scatterer as well
as absorber improves the detection efficiency of the system [5].

The hits in the two detectors and the measured absorbed energies are used to calculate
the scattering angle, as is shown in fig. 1(a), and the most likely origin spot by super-
position of different Compton cones, as represented in fig. 1(b). In the present study,
we take into account only the events in which a photon has Compton scattering and
photoabsorption in two different detector planes. Such events are called as true events.
In this sense, the development of a 3D spectro imager allows the 47 Compton Imaging
solving the Compton kinematic equation. Then, knowing the gamma incident energy,
the measurement of the absorbed energy fully determines the Compton scattering angle
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Fig. 2. — Simulated set-up on GEANT4.
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where F, is the incident photon energy and E; and E; are the energies deposited in the
scatter layer and absorption layer, respectively.

The image revealed directly by the detector using Compton kinematics will be referred
as “back-projection image” in what follows.

3. — Monte Carlo simulation and image reconstruction

The Monte Carlo simulations were carried out using GEANT4 framework [6]. The
code was exploited in the 10.7 software version. In order to implement the most accurate
low-energy models, the Electromagnetic Standard Option 4 (emstandard_opt4) physics
list package was used.

The simulated setup was composed by a solid cylinder phantom made of air or soft
tissue (both defined in GEANT4 material database) with 30 mm radius and 100 mm
height, and a Compton camera with two adjacent CZT crystal layers with dimension
20 x 20 x 5mm?® and 5.78 g cm~? density each. The camera was situated in the Z-axis as
shown fig. 2. The distance between the detector and the gamma source (yellow mark)
in the figure can be varied.

The gamma source was set with an energy of 478 keV, and a single spherical geometry
of 10 mm radius was used since it is a closer model of a real tumor.

The source was centered in the coordinates system origin. Since in realistic BNCT
treatments boron can also load healthy tissue in a given proportion, we define the tumor-
to-healthy boron concentration ratio T' as the boron concentration between tumor tissue
and healthy tissue. Additional random gammas were generated in the phantom with
vertex positions outside the source with given T" values.

The hits position (without taking into account the uncertainties introduced by the
intrinsic space resolution of the detector), and the energy deposited of true events were
used to reconstruct the back-projection images.

Those images were set in gray-scale, normalized to a maximum pixel intensity, and
provided in .csv format structured in 8 fields: pixel intensity; x, y, and z pixel position;
i, j, and k pixel indexes, and binary source which corresponds to 0 or 1 related to the
simulated source.
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The list mode MLEM method was chosen for the tomography images reconstruction.
This method, described in [7] and [8], has been proved already to be suitable for Compton
imaging. The iterative algorithm is given by

@) go _ A i by
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where )\;n) is the value of pixel j at iteration n, s; is the sensitivity matrix representing
the probability of a gamma ray emitted from pixel j to be detected, M is the number
of measured events and the system matrix ¢;; is the probability of a gamma ray emitted
from pixel j to be detected by the measurement with index 3.

The algorithm used for the calculation was the GPU-based image reconstruction code
UCT-MLEM [9]. The images were reconstructed in a 100® matrix pixels grid in the
space volume from —60 mm to 60 mm for each axis (cube pixel image with 1.2 mm side)
covering the entire phantom.

Since the images are digital, the most immediate way to quantify goodness is to
establish how many pixels belong to the reconstructed regions. It was possible to identify,
within the image matrix, the pixel intensity, and its quantification.

The reconstructed images were binarized: the number of pixels having intensity “1”
belonging to the overlapping region between the real image and the reconstructed one
represents the number of true positive (TP); the number of pixels belonging to the image
reconstructed but not to the real source represents the number of false positive (FP);
finally, the number of pixels belonging to the real source but not present in the recon-
structed image represents the number of false negative (FN). For the result discussion
we define:

TP

(3) Accuracy = m,
o TP

(4) Sensltlvlty = m

4. — Results and discussion

The source was analyzed in the following situations: 1) in air or tissue to study the
dispersion in the phantom itself; 2) in tissue with different 7" values (7' = 5.0, 2.0) and
the detector at different distances (30.0, 60.0, 100.0 and 200.0 mm). From clinical studies
it is well known that for effective treatment with BNCT, the therapeutic ratio should be
3:1 or more [10]; the case T' = 2.0 has been analyzed as an extreme case.

4'1. Reconstruction algorithm validation. — In order to check the performance of the
MLEM algorithm in the BNCT framework with Compton Camera, 250 iterations were
carried out in air with the detector 60 mm apart from the source. The spherical volume
was reconstructed as shown in fig. 3. When the iteration number is as high as 250, the
algorithm develops a sort of granularity in the XY-image (see fig. 3). It is found that
50 iterations are enough to obtain an image with acceptable resolution according to the
algorithm convergence, and avoid the granularity issue.

Figure 4 shows the XY-plane tomography image for the source in tissue after 50
iterations. Comparing the results in those two cases (air vs. tissue) it is possible to
conclude that the dispersion effect due to the tissue is not appreciable.
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Fig. 3. — XY -plane tomography images of the spherical distribution in air after (a) 50, and (b)

250 iterations.
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Fig. 4. — XY-plane tomography image for a spherical source in tissue after 50 iterations.

In the case of tissue presence, the X and Y axis profiles were also analyzed and are
reported in fig. 5.

Accuracy and sensitivity values are reported in table I, and confirm the statements
that 50 iterations are enough to have a good reconstruction in balance with the compu-
tational calculation time, and the introduction of the phantom itself does not introduce
dispersion in the reconstruction.
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Fig. 5. — Spherical source normalized profiles in tissue. For each curve, 10 more iterations are
added to the algorithm till 250 iterations are reached. (a) X-axis, (b) Y-axis reconstruction
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TABLE I. — Reconstruction parameters for spherical configuration.

Phantom /iterations Accuracy Sensitivity
Air, i = 50 97.67% 52.5%
Air, i = 250 86.95% 25.0%
Tissue, i = 50 100.0% 43.75%

4°2. Stretching along Z-axis. — Is also interesting to study the XZ tomography im-
age. Figure 6 shows the X Z-plane tomography image for the source in tissue after 250
iterations fig. 6(a), and the reconstruction profiles along the Z-direction fig. 6(b). It is
evident even with a large number of iterations the presence of a stretching effect along
the Z-axis.

Previous studies have already demonstrated that this stretching effect arises at larger
Compton scattering angles (#) [11]. Then, to investigate the stretching behavior, mea-
sures with the detector at distance values in the range from 30 to 100 mm were performed.
The Z-axis profiles after 250 iterations were fitted with Gaussian distributions. Figure 7
shows the fitted sigmas vs. the detector distance values; therefore longer stretching is
associated with larger distances.
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Fig. 6. — (a) X Z-plane tomography image; (b) Z-axis profiles reconstruction for spherical source
in tissue after 250 iterations.
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Fig. 7. — Gaussian distribution sigmas of Z-axis profiles for the spherical source at different
detector distances.



MONTE CARLO STUDY OF 3D IMAGE RECONSTRUCTION ETC. 7

1
W - 1
™ ]
m - =
L o0
- Jee | -
- "
"
fuo .« i u
™
§ o . Ew 2
e - 1 . - :
> . - o
"‘ " » ™ =
"
- m -
w0 »
m = w
w
0 * s 00 o
IO EEEEEN R
* diection fmm) * diection fmmi

(a) (b)

Fig. 8. — Spherical source with therapeutic ratio T = 5.0 and detector distance 60 mm. (a)
XY-plane back-projection; (b) XY-plane tomography after 50 iterations, and (c¢) X Z-plane
tomography after 250 iterations.

4'3. Dependence by boron concentration ratio. — The boron concentration ratio de-
pendence was investigated with the detector 60 mm apart from the source, and values
T = 5.0 and 2.0. Results are shown in figs. 8 and 9, respectively. Looking at the figures,
it is evident the noise increase when the boron-10 concentration increases in the healthy
tissue. This result confirms the expected experimental behavior, since at lower T values
there is more energy deposited in the healthy tissue with respect to the tumor region,
which enhances the image background in the reconstruction process. Nonetheless, the
source was reconstructed at least in the xy-plane even with the lowest concentration
under study.

5. — Conclusions

The reconstruction of Compton gammas rays tomography images in the BNCT treat-
ment was studied by the Maximum Likelihood Expectation Maximization. The spherical
gamma source configuration was analyzed in several experimental setups. Preliminary
evidence that this approach would be capable to evaluate the boron dose inside the pa-
tient are reported. The image reconstruction algorithm does not suffer from dispersion
effects of the healthy tissue. The study of Z-axis profiles opens the possibility to estimate
the distance between the source and the detector through the calculation of the sigma
stretching. In addition, by studying the boron concentration ratio dependence was found
that the algorithm and the simulated detector are sensible to different T" values.
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Fig. 9. — Spherical source with therapeutic ratio 7" = 2.0 and detector distance 60 mm. (a)
XY-plane back-projection; (b) XY-plane tomography with 50 iterations, and (c) X Z-plane
tomography with 250 iterations.
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