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Abstract: Proton range monitoring and verification is important to enhance the effectiveness of treat-
ment by ensuring that the correct dose is delivered to the correct location. Upon proton irradiation,
different positron emitting radioisotopes are produced by the inelastic nuclear interactions of protons
with the target elements. Recently, it was reported that the 16O(p,2p2n)13N reaction has a relatively
low threshold energy, and it could be potentially used for proton range verification. In the present
work, we have proposed an analysis scheme (i.e., algorithm) for the extraction and three-dimensional
visualization of positron emitting radioisotopes. The proposed step-by-step analysis scheme was
tested using our own experimentally obtained dynamic data from a positron emission mammography
(PEM) system (our developed PEMGRAPH system). The experimental irradiation was performed
using an azimuthally varying field (AVF) cyclotron with a 80 MeV monoenergetic pencil-like beam.
The 3D visualization showed promising results for proton-induced radioisotope distribution. The
proposed scheme and developed tools would be useful for the extraction and 3D visualization of
positron emitting radioisotopes and in turn for proton range monitoring and verification.

Keywords: proton therapy; positron emitters; PEM; spectral analysis; proton range monitoring

1. Introduction

It is well-known that protons have low lateral scattering and therefore deposit en-
ergy more locally when compared to photons [1–5]. Hence, the concept of proton range
monitoring and verification is important to enhance the effectiveness of proton therapy
treatment [6]. The dose deposition of protons increases with depth, and near the end of their
range, it reaches its maximum, commonly referred to as the Bragg peak. Considering this,
protons have a lower exit dose when compared to photons, which are used in conventional
radiation therapy [7–9]. Therefore, protons are highly sensitive to spatial uncertainties [10],
which makes range monitoring and verification crucial in therapeutic applications.

Considering proton range monitoring, several strategies have been proposed and
investigated, with their own specific advantages and disadvantages [11]. Proton radiog-
raphy and tomography have both shown promising results for proton range verification,
but scattering reduces the resolution of the acquired images [12]. Other direct and cost-
effective techniques that were reported in previous investigations are the ionoacoustics
technique [13] and secondary electron bremsstrahlung (SEB) [14]. In addition, several

Appl. Sci. 2022, 12, 823. https://doi.org/10.3390/app12020823 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12020823
https://doi.org/10.3390/app12020823
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-4230-665X
https://orcid.org/0000-0001-6257-7735
https://doi.org/10.3390/app12020823
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12020823?type=check_update&version=3


Appl. Sci. 2022, 12, 823 2 of 13

investigators have recently studied Prompt Gamma Imaging (PGI) [15,16] for proton range
verification and reported promising results. Another important technique for proton range
monitoring and verification is auto-activation Positron Emission Tomography (PET) imag-
ing, which is a non-invasive technique. The proton range is estimated by measuring
annihilation photons generated by positron emitting radioisotopes such as 15O, 11C and
13N. These positron emitting radioisotopes are generated as a result of nuclear reactions
induced by incident protons.

In 1969, Maccabee et al. [17] first proposed the use of the auto-activation PET technique
for hadron range monitoring and verification. Later, the proposed auto-activation PET
technique was experimentally investigated at a heavy ion therapy facility at the Lawrence
Berkeley national laboratory [18]. Furthermore, this technique was found to be promising
for monitoring the delivered proton dose in therapeutic applications [19]. There are various
PET system configurations that have been used to measure annihilation photons generated by
positron emitting radioisotopes in the auto-activation PET technique with the ultimate goal
of proton range monitoring and verification [20–24]. For example, full-ring scanners [21,22],
which were found to have high detection efficiency but at the same time to incorporate a full
ring– ring PET system into beam delivery, which is technically tedious particularly when there
are geometric constraints. Non-ring PET systems were developed to circumvent the drawback
of full-ring scanners by providing a higher degree of freedom for better patient positioning
and installation [25–29]. These non-ring PET systems include the DoPET (Dosimetry-PET)
system [26], which is a compact prototype in-beam PET scanner [27], a compact planar PET
prototype [28] and a modularized acquisition-based dual-head PET with wider detectors [29].
The main drawbacks associated with these non-ring PET systems are mainly the limited
angular coverage and artifacts in the reconstructed images.

Another notable system that has higher spatial resolution and sensitivity compared
to previously introduced systems would be the positron emission mammography (PEM)
system, which is a dedicated PET system for detecting breast cancer [30]. The PEM system
was first proposed by Thompson et al. [31] and inspired the development of several PEM
systems such as Clear-PEM [32], composed of a dual-plate detector head composed of
LSO (Lutetium oxyorthosilicate) crystals and designed to allow the breast and axilla region
field of view (FOV); dual-head planar PEM [33], which has a parallel dual-planar detector
geometry composed of LSO crystals and designed for greater flexibility in positioning the
object into the FOV; the LBNL-PEM (Lawrence Berkeley National Laboratory-PEM) [34],
which has a rectangular geometry, with four detector plates composed of LSO crystals
surrounding the breast, and has depth of interaction (DOI) measurements capabilities; the
Naviscan PEM flex system [35], which is a specially designed system with two opposite
detector heads to fit on a stereotactic mammography unit, with the aim of allowing emission
and transmission scans at the same time; the Elmammo (Shimadzu) dbPET (dedicated
breast PET) system [36], developed by Shimadzu Co. and designed with three contiguous
rings allowing a larger FOV and confirmed high resolution images with four layers of DOI
measurement capability; and the Jefferson laboratory PEM system [37], designed to be
mounted on a stereotactic biopsy table to perform PEM-guided biopsies.

We have developed a highly sensitive PEMGRAPH (Mirai Imaging Inc., Fukushima,
Japan) that consists of a dedicated dual-head PEM system with Pr:LuAG (Praseodymium-
dopped Lutetium Aluminum Garnet) crystal and was designed for breast cancer diagnosis [38].
The Pr:LuAG scintillator, with its high light yield, short decay time and good energy resolution,
is preferred for angular coverage, while BaSO4 (Barium sulfate) is utilized as a reflector with
the crystal to efficiently reflect scintillation photons from Pr:LuAG. PEMGRAPH showed
a high spatial resolution of 2.0 mm (FWHM) in the plane parallel to the detectors [39] and
a higher detection sensitivity for breast cancer compared with whole-body PET [40]. Our
developed system was found to have higher spatial resolution and higher sensitivity when
compared to other commercial PEM devices.

Recently, Cho et al. [41] reported that the 16O(p,2p2n)13N reaction has a relatively
low threshold energy and it could be potentially used for proton range verification. As a
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result, the 13N creation may be extracted by computing the gradient between early and
late PET scans, and it is found to be highly connected with the Bragg peak. In our recent
work, we have employed the Monte Carlo technique to study the generation of the 13N
radioisotope and its potential use to estimate the Bragg peak location in a simulated water-
gel phantom [42]. In the present work, we have introduced an analysis scheme based on
our recent experimentally obtained results from a cyclotron and the PEMGRAPH system
for the three-dimensional (3D) visualization of positron emitting radioisotopes (particularly
13N). The present analysis scheme uses data obtained from the PEMGRAPH system from a
proton irradiated phantom to provide the 3D distribution of positron emitting radioisotopes
by using the spectral analysis (SA) approach. All necessary computer programs and raw
data used in the present analysis scheme were made open source under the GPLv3 license,
which allows users to freely modify, compile and distribute data without any restrictions.
To the best of our knowledge, this is the first time such an extensive algorithmic scheme
is being proposed, and this will be useful to enhance the effectiveness of proton range
monitoring and verification.

2. Materials and Methods
2.1. Experimental Setup and Measurements

A homogeneous water-gel phantom was prepared by mixing agar powder (C14H24O9)
and water, with a ratio of 1/100 (in gm) (agar powder/water). The container used was
high-density polyethylene (HDPE) with dimensions of 8 × 10 × 16 cm3 and a wall thickness
of 0.15 cm. The phantom geometry and PEMGRAPH are schematically shown in Figure 1. In
addition, the material composition of the water-gel and HPDE container are listed in Table 1.

Figure 1. Schematic diagram showing PEM heads and HPDE box containing water-gel being irradi-
ated by a proton beam.

Table 1. Density and material composition (fraction by weight) of HDPE container and water-gel
used in the proton irradiation experiment and PEM scan.

Material Density (g/cm3) 1H (%) 12C (%) 16O (%)

HDPE box 0.950 14.29 85.71 -

Water-gel 1.010 11.00 4.650 84.35

The phantom was irradiated by a monoenergetic proton beam with 80 MeV energy
for 60 s. The proton beam was pencil-like with a beam current of 10.20 nA and a diameter
of ~1 cm produced by an azimuthally varying field (AVF) cyclotron at the Cyclotron
and Radioisotopes Centre (CYRIC) facility at Tohoku University, Japan. Considering the
current that was used, about 3.8 × 1012 protons were used to irradiate the phantom. This
value was higher than the typically used clinical beam, which was reported to be around
107 to 1010 protons. We have employed higher number of protons than those used in clinical
irradiations mainly to obtain more counts during the PEM scan. It is also well known that
proton-induced activity only depends on the target fragmentation. The experimental setup
for the irradiation of the water-gel phantom is shown in Figure 2.
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Figure 2. Experimental setup of proton irradiation of water-gel phantom using a pencil-like proton
beam with an energy of 80 MeV.

The distance between the proton beam port and water-gel phantom was set to 25 cm
(see Figure 2). The proton beam was adjusted to irradiate the center of the water-gel
phantom. Upon proton irradiation, different positron emitting radioisotopes are produced
by the inelastic nuclear interactions of protons with the target elements. The water-gel
was mainly composed of oxygen and carbon (note: hydrogen (1H) was not considered,
mainly because it does not produce stable positron emitting radioisotopes). The list of
major nuclear reactions and the positron emitting radioisotopes produced as a result of
proton irradiation is shown in Table 2.

Table 2. List of created isotopes, half-life, reaction and threshold reaction energy.

Isotope Half-Life (mins) Reaction Threshold (MeV)
11C 20.33 12C(p,pn)11C 20.61
15O 2.037 16O(p,pn)15O 16.79
13N 9.965 16O(p,2p2n)13N 5.660

After proton irradiation, the irradiated water-gel phantom was placed in the PEM-
GRAPH system; this setup is shown in Figure 3. The irradiated water-gel phantom was
scanned for 40 min with the PEMGRAPH system. The scanning of the irradiated water-gel
phantom was started 15 min after the irradiation, mainly due to the time taken to carry the
phantom from the irradiation room to the PEMGRAPH room after stopping the proton
beam irradiation.

Figure 3. Experimental setup of scanning the irradiated water-gel phantom using a dual-head
PEMGRAPH system.
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A prototype PEMGRAPH (Mirai Imaging Inc., Fukushima, Japan) system was em-
ployed to scan the irradiated water-gel phantom. The PEMGRAPH system is a highly
sensitive and high-resolution open dual-head system [38] that consists of two planar
17.5 × 21.3 cm2 detector heads, each composed of four modules. There are a total of
eight modules implemented in this device. The gap between each module was 0.6 cm.
Each module was composed of 20 × 64 crystal array of Pr:LuAG with dimensions of
0.21 × 0.21 × 1.5 cm3 and was optically isolated by a BaSO4 reflector with a thickness of
0.1 cm. This adds up to a total of 20 × 64 × 8 = 10,240 Pr:LuAG crystal segments. Each side
of the crystal matrix was optically coupled to three units of a 5.2 × 5.2 cm2 Hamamatsu
H8500 position-sensitive photomultiplier tube (Hamamatsu Photonics Co., Ltd., Hama-
matsu, Japan). The spatial resolution was 0.2 cm (at full width at half maximum (FWHM))
in the plane parallel to the detectors [38].

The acquired list mode data were reconstructed to 77 dynamic frames using the 3D iterative
maximum likelihood-expectation maximization (MLEM) method [43,44]. The field of view
(FOV) of each reconstructed image was 20.35 × 14.19 × 14.6 cm3, and the matrix size was
185 × 129 × 73. Therefore, the voxel size of each reconstructed image was 0.11 × 0.11 × 0.2 cm3.
The experimental data were then analyzed using our previously developed PyBLD software [45]
(link: http://www.rim.cyric.tohoku.ac.jp/software/pybld/pybld.html (accessed on: 11 Jan-
uary 2022)). AMIDE (A Medical Image Data Examiner) version 1.0.4 software was used to
analyze the images (link: http://amide.sourceforge.net (accessed on: 11 January 2022)) [46]. The
one-dimensional (1D), two-dimensional (2D) and three-dimensional (3D) time-course activities
for 15, 20, 30 and 55 min after irradiation were obtained, which provided information on the
location and distribution of activity.

2.2. The Spectral Analysis (SA) Approach

The spectral analysis approach employs an input function and exponential response
function to identify kinetic components of a tracer [47,48]. The SA approach was initially
developed for PET kinetics analysis, where it indicates a time-invariant single input/single
output model used for the data quantification. During proton therapy, different radioiso-
topes of positron emitters such as 11C, 15O and 13N are produced by inelastic nuclear
interactions of protons with the target elements. Considering that the radioactivity of each
radionuclide is one component at time t and the time-activity A(t) of each voxel of the
PEMGRAPH image, the concentration Cv(t), can be represented as

Cv(t) =
M

∑
j=1

A(t)⊗ αje
−β jt (1)

where ⊗ is the convolution operation and A(t) is the time-activity input function of the
system, presumed to be the impulse function in this study. The limit M represents the
maximum number of terms to be included in the model and this is, in general, set to a
large number, usually 1000. The values of βj are predetermined and fixed in order to cover
an appropriate spectral range. For the studies involving short-lived positron emitting
isotopes, this range needs to extend to the slowest possible event up to a value appropriate
to transient phenomena. Each A(t) ⊗ exp (−βj t) (impulse response function (IRF)) is pre-
calculated. Subsequently, sets of αj values were solved using a non-negative least squares
(NNLS) estimator. Once the IRFs are pre-calculated, the estimation sets of αj are entirely
linear, and SA can instantly determine groups of αj without iterated computation.

Therefore, SA can be used for large datasets. To extract the short half-life (large
β = 0.693/T1/2) 15O radioisotope, a range of β was used from 0.005 (athresh in spec-
tral_analysis.py script) to 0.006 (betacut in spectral_analysis.py script) s−1, and for the 13N
radioisotope, a range from 0.001 to 0.002 s−1 was used, respectively. On the other hand, for
the longer half-life (small β = 0.693/T1/2) radioisotopes such as 11C, the range of β from

http://www.rim.cyric.tohoku.ac.jp/software/pybld/pybld.html
http://amide.sourceforge.net
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0.0005 to 0.0006 s−1 was used. We therefore computed the numerical Sv values for each
voxel v with the threshold of αβ > 1.5 to remove the background region:

Sv = ∑
j=1

αjβ j (2)

As a result, the SA approach can quickly calculate sets of α and β in each voxel.
Few positive sets of β would be obtained that match the decay constants of the produced
radioisotopes.

The SA technique was used to extract 11C, 15O and 13N positron emitting radioisotopes
These were extracted separately from the merged images of 77 frames in different regions (see
Figure 4). Firstly, the SA technique was applied to 3D merged images that contained 77 frames
of 40 min images (from 15 to 55 min). Secondly, the time activity was calculated from the 3D
data from 40 frames with 1 min intervals over 40 min using four separate regions of interest
(ROIs): (1) whole, (2) edge, (3) plateau and (4) Braggpeak region, as shown in Figure 4. Then,
the time activity data from 15 to 55 min (i.e., total 40 frames) were made into a single voxel
image for each ROI. Figure 4 shows these four regions, together with their corresponding
heights, widths and depths, respectively. The presence of proton-induced radioisotopes for
each voxel was then confirmed using the obtained results.

Figure 4. The four regions of interests (ROIs) with their respective height (h), width (w) and depth
(d) values used in the spectral analysis approach.

2.3. Scheme for Extraction and 3D Visualization of Positron Emitting Radioisotopes

The step-by-step algorithm of the proposed scheme for generating a 3D visualization
of positron emitting radioisotopes is shown in Table 3. The algorithm summarizes the main
steps for extracting and generating a 3D scatter plot of positron emitting radioisotopes. All the
scripts, numerical tools and raw data used in the present scheme can be downloaded as Supple-
mentary material from https://figshare.com/articles/software/An_analysis_scheme_for_3D_
visualization_of_positron_emitting_radioisotopes_using_positron_emission_mammography_
system/17171093 (accessed on: 11 January 2022).

https://figshare.com/articles/software/An_analysis_scheme_for_3D_visualization_of_positron_emitting_radioisotopes_using_positron_emission_mammography_system/17171093
https://figshare.com/articles/software/An_analysis_scheme_for_3D_visualization_of_positron_emitting_radioisotopes_using_positron_emission_mammography_system/17171093
https://figshare.com/articles/software/An_analysis_scheme_for_3D_visualization_of_positron_emitting_radioisotopes_using_positron_emission_mammography_system/17171093
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Table 3. The step-by-step algorithm of the analysis scheme for the extraction and 3D visualization of
positron emitting radioisotopes using positron emission mammography.

1. Data acquisition from the PEMGRAPH system (in ascii format in a DAT file).
2. Record the true coincidences as dynamic data from the raw data.
3. Subtract the background data.
4. Sort the data into 77 frames for 40 min.
5. Image reconstruction using the Maximum-Likelihood Expectation-Maximization (MLEM)

method (in DICOM format).
6. Convert DICOM data to HDR and IMG format using PYBLD package (using the

dicom2ana.py script).

a. Extract the 1D profile data in ascii CSV format (using image.py script).
b. Plot the extracted 1D profile saved into a CSV file.

7. Merge four decay image frames (15, 20, 30 and 55 min after irradiation) for visualization of
radioisotope distribution with time (using the join_image.py script).

a. Crop the merged images in step 7 (using the crop_img.py script).
b. Visualize the cropped 2D images using the AMIDE software.

8. Generate the 3D scatter plots (using the scatter_3d.py script).

a. The 3D scatter script uses the mplot3d toolkit and the ax.scatter3D() function of the
matplotlib library.

9. Perform spectral analysis on the obtained images (using the spectral_analysis.py script).

a. The total of 77 frames of 40 min image were merged by the join_image.py script and
saved as simg_77.img.

b. Crop the merged images in step ‘9(a)’ using the crop_img.py script and saved as
simg_77_crop.img.

c. The frame images were prepared in step ‘9(b)’ by frame.py script and saved as
simg_77_crop_f.img.

d. The mask images were prepared in step ‘9(c)’ by mk_mask.py and saved as
simg_77_crop_fmask.img.

e. Genegate the time information for 77 frames of 40 min dynamic data as
time_inf.frame file.

f. Extract the data for positron emitting radioisotopes using python terminal
command as:

for 11C radioisotope:
python3 spectral_analysis.py –input = simg_77.img –time = time_inf.frame –output =
analysis_c-11 –mask = simg_77-crop_mfsimg.img –betacut = 0.0005 –athresh = 0.0006
for 15O radioisotope:
python3 spectral_analysis.py –input = simg_77.img –time = time_inf.frame –output =
analysis_o-15 –mask= simg_77-crop_mfsimg.img –betacut = 0.005–athresh = 0.006
for 13N radioisotope:
python3 spectral_analysis.py –input = simg_77.img –time = time_inf.frame –output =
analysis_n-13 –mask= simg_77-crop_mfsimg.img –betacut = 0.001 –athresh = 0.002

g. Extract the 1D profile data of analysis output in ascii CSV format
(using image.py script).

h. Plot the extracted 1D profile saved into a CSV file.

10. For 1D spectrum the time activity were calculated as tac.dat from 40 frames with 1 min
interval for four ROIs (1) whole, (2) edge, (3) plateau, and (4) Bragg-peak region (using
image_roi.py script).

a. Generate one voxel images of each ROI’s time activity in step ‘10’ for example as
onev_whole.img (using onev_image.py script).

b. Generate the spectrum of radioisotopes using the python terminal command for a
whole ROI as:

python3 spectral_analysis.py –input = onev_whole.img –time = time_inf_roi.frame –output
= analysis_out_whole –debug = 1

11. Plot the concentration (α) versus half-live (β) from the terminal output of step ‘10(b)’.
12. Generate the 3D dynamic visualization and movie clips for 11C, 15O, and 13N from step ‘9’

(using scatter_3d.py script).
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3. Results
3.1. PEMGRAPH Measurements

In order to test the present scheme, we used 77 image frames reconstructed from the
obtained 40 min of dynamic data using the PEMGRAPH system. Using the step-by-step
scheme presented in Table 3, the 3D, 2D and 1D visualizations are shown in Figure 5. These
were reconstructed along the beam direction for 15, 20, 30 and 55 min. In Figure 5, the
normalized intensity is displayed along the y-axis. These were normalized with respect to
15 min after irradiation. From the images and 1D profiles shown in Figure 5, we observed
two peaks along the beam direction: one at the proton beam entrance and the other near the
distal dose Bragg region. In addition, a tail after the peak of the Bragg region was observed.
These peaks decayed with time and remained visible for up to 55 min after the irradiation.
Interestingly, the tail almost vanished after 30 min.

Figure 5. The 3D (first row), 2D (second row) and 1D (third row) time−course activity covering 15
to 55 min data sets obtained from the PEMGRAPH measurements.

3.2. Spectral Analysis of PEMGRAPH Measurements

The spectral analysis (SA) approach was applied to the dynamic time-dependent activ-
ity data to quantify different positron emitting radioisotopes. The step-by-step procedure
used for this analysis can be found in the proposed scheme shown in Table 3. The 2D
images with their associated 1D profiles generated using the SA technique are shown in
Figure 6. In Figure 6, the y-axis represents the normalized intensity for each radioisotope.
The sum of all radioisotopes (shown as SA_sum in Figure 6), the 11C (shown as SA_11C in
Figure 6) has two peaks—namely, (1) at the entrance and (2) at a higher depth. On the other
hand, the 15O (shown as SA_15O in Figure 6) has a peak at a higher depth, and it appeared
after the second peak of 11C. The 13N (shown as SA_13N in Figure 6) peak was found to
appear after the 15O peak. In addition, the 1D profiles are the summation of 2D images (see
Figure 6) along the y-axis (i.e., lateral position); therefore, the shape of 1D profiles would
be smooth without showing any sharp cutoffs.
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Figure 6. The 2D (first row) and 1D (second row) profile of the SA output 11C, 15O and 13N radioiso-
topes and their sum (color in 2D plot corresponds to those in 1D profiles).

The ROIs at which the SA method was applied are schematically illustrated in Figure 4.
There are four distinct regions: the whole, edge, plateau and Bragg region (see Figure 4).
In Figure 7, the x-axis for all ROIs reflects the extracted half-life of positron emitting
radioisotopes (log(2)/β), and the y-axis shows the radionuclide concentration, labeled as
normalized α. Considering Figure 7, we observe that for the whole ROI, the contribution
from long-lived radioisotopes was dominant. It is observed that the highest contribution
from long-lived radioisotopes is for the edge ROI, which is close to 11C radioisotopes. In
the plateau region, it is observed that the total contribution is the same as in the whole
and edge regions (i.e., the greatest contribution is from long-lived radioisotopes). On the
other hand, for the Bragg ROI, the half-life of radioisotopes was slightly larger than that of
the 13N radioisotopes. From the present analysis scheme, the activity in the distal fall-off
region of proton-induced 13N radioisotopes has been confirmed as the real half-life of 13N
is ~10 min. The discretization in SA and measurement errors (background counts and
contributions from multiple radioisotopes) would lead to some differences in the estimated
half-life value for a specific radioisotope when compared to its known physical half-life.

Figure 7. The spectral analysis (SA) for different ROIs. Pink shows no radioisotope components,
magenta shows 11C, blue shows 15O and green shows 13N radioisotopes, respectively.
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3.3. The 3D Visualization of Positron Emitting Radioisotopes

For a better visualization, the 3D plots of the spatial distribution of extracted radioiso-
topes were obtained; these were obtained using the analysis scheme shown in Table 3.
The generated 3D distributions and 1D profiles for 11C (shown as SA_11C), 15O (shown
as SA_15O) and 13N (shown as SA_13N) radioisotopes are shown in Figure 8. In addition,
the simulated dose distribution for an 80 MeV incident proton beam is also shown in
Figure 8. The step-by-step procedure and required numerical tools for the preparation of
3D distributions are shown in Table 3. The 3D plots generated from the SA images showed
the distinct creation of 11C, 15O and 13N peaks, which could be a promising approach for
proton range monitoring and verification. From the 1D profiles shown in Figure 8, the 11C,
15O and 13N peaks were found to be at 33, 39 and 46 mm depths, respectively. Furthermore,
the peak of the simulated dose was found to be at 49 mm depth. Therefore, the offset
between the simulated dose and the extracted 13N peak was found to be 3 mm.

Figure 8. Three-dimensional scatter visualization and the 1D profiles of 11C, 15O and 13N radioiso-
topes, along with the simulated dose for the 80 MeV proton beam irradiating water-gel phantom.

4. Discussion

Considering the results shown in Figure 5, two peaks can be observed from the PEM-
GRAPH measurements. In addition to these two peaks, a small tail peak was observed and
vanished rather quickly. The main reason for the formation of these peaks was the proton
interaction and scattering from the HDPE container used in the proton irradiation experiment;
in particular, the wall effect from the HDPE container that mainly contains carbon (note that
1H nuclei do not produce stable positron emitting radioisotopes). Upon the interaction of
proton with matter, the protons lose energy, and hence lower energy protons should be found
in the deeper parts of the water-gel phantom, and at shallow depths, there will be more higher
energy protons; this satisfies the 11C and 15O threshold energies for their production. The
threshold energies for the creation of 11C, 15O and 13N were reported to be 20.61, 16.79 and
5.660 MeV, respectively [41]. As depth increases and in turn the proton energy decreases, the
main production reaction is 16O(p,2p2n)13N, which has a lower threshold energy compared
to other positron emitting radioisotopes. The current finding using the present scheme is in
good agreement with previously reported results [41].

The production of proton-induced radioisotopes was confirmed by the SA approach,
which was applied to the dynamic data measured using the PEMGRAPH system. In
Figure 6, it was confirmed that the two peaks formed at the entrance (i.e., lower depth) and
at the end (i.e., higher depth) were mainly due to the 11C radioisotopes. The 15O peak was
formed after the second 11C peak, which is also in agreement with the knowledge of the
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threshold energy for the production of these radioisotopes and subsequent energy loss of
protons at higher depths. Interestingly, the peak of 13N radioisotopes was formed after the
15O peak, mainly due to its lower threshold energy of production; this can be seen in the
1D profile plot shown in Figure 6.

Furthermore, the contribution of proton-induced radioisotopes was confirmed in
the ROI study. In Figure 7, the main contributing radioisotopes in the entire edge and
plateau regions are shown to be 11C radioisotopes. Considering the Bragg region, the 13N
radioisotope makes the highest contribution in the Bragg region. The lowest contribution
was found to be from 15O radioisotopes. The SA analysis confirmed the activity in the
distal fall-off region of proton-induced 13N radioisotopes. From the 1D profiles in Figure 8,
the offset between the simulated dose and extracted 13N peaks is about 3 mm, which is in
good agreement with our recent simulation study [42]. Our reported average offset value
between the Bragg and the 13N peak was found to be about 2 mm for 80 MeV of incident
protons impinging on the water-gel phantom [42]. The present scheme could be applied
to inhomogeneous phantoms and small animal experiments after standard irradiation.
Further analysis suggests that there is a significant advantage of 3D visualization for proton
range verification, especially for inhomogeneous targets (i.e., human organs/tissues).

Considering the generated 3D spatial distribution of positron emitting radioisotopes
shown in Figure 8, one can note that the present step-by-step scheme and developed
numerical tools can accurately obtain such 3D visualizations. These 3D visualizations
would be important when investigating non-uniform targets such as organs in the human
body or animal subjects. As shown in Figure 8, 11C radioisotopes formed two peaks at
lower depth (near the entrance) and at higher depth (~33 mm). The 15O radioisotopes
formed a major peak mainly after 11C radioisotopes and before 13N radioisotopes. The
closest peak to the Bragg peak was found to be mainly due to 13N radioisotopes, thanks
to their relatively low threshold energy for production. In order to enhance the 3D visual-
ization, the proposed scheme shown in Table 3 was used to generate movie clips for 11C,
15O and 13N radioisotopes, as shown in Figure 8. The movie clips can be downloaded
from https://figshare.com/articles/software/An_analysis_scheme_for_3D_visualization_
of_positron_emitting_radioisotopes_using_positron_emission_mammography_system/17
171093 (accessed on: 11 January 2022).

5. Conclusions

In the present work, a step-by-step analysis scheme using a spectral analysis (SA)
approach was introduced. The present scheme determines the 3D spatial distribution of
positron emitting radioisotopes, namely 11C, 15O and 13N. All the developed numerical
tools that are essential for the present scheme have been made open-source and freely
available. The present scheme was tested using proton irradiation experiments and mea-
surements from the PEMGRAPH system. The employed water-gel phantom was irradiated
with an 80 MeV monoenergetic pencil-like beam. The results obtained from the present
scheme showed the formation of a 13N peak near the Bragg peak, which was found to be in
a good agreement with previous investigations. The present scheme and developed tools
would be useful for the 3D visualization of positron emitting radioisotopes and in turn for
proton range monitoring and verification.

Supplementary Materials: The movie clips, source codes and raw data can be downloaded at: https:
//figshare.com/articles/software/An_analysis_scheme_for_3D_visualization_of_positron_emitting_
radioisotopes_using_positron_emission_mammography_system/17171093.
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