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ABSTRACT

Imaging and analyzing alpha-particle trajectories are crucial for studying alpha-particle distributions in high-energy physics ex-
periments, such as radioisotope imaging and neutron energy spectrum measurements. This study introduces a novel method that
combines an electron-multiplying charge-coupled device (EMCCD) camera, a gadolinium aluminum gallium garnet (GAGG)
scintillator film, and a fluorescent microscope to measure the micro-distribution of radionuclides. A reconstruction technique
was developed to determine the initial positions of alpha particles based on the pixel gray-value distributions along their trajec-
tories. The effectiveness of this technique was validated through imaging experiments using fixed incident alpha particles. Key
imaging parameters, including binning, exposure time, and optical parameters such as magnification, were systematically inves-
tigated for their impacts on imaging quality. Results indicated that increasing the binning value improved detection sensitivity
but reduced spatial resolution. Shortening exposure times effectively prevented track overlap, aiding trajectory identification,
counting, and analysis. Higher magnification of objective lenses enhanced the spatial resolution of the whole system but required
greater sample flatness and camera sensitivity. A measurement platform was further developed to explore the cellular distribu-
tion of radioactive drugs in targeted alpha therapy. Coupled registration of trajectory and cellular images was achieved using an
external Ra-223 source and A549 cells. This trajectory measurement technique is broadly applicable for analyzing the cellular
distribution of radioactive drugs in targeted alpha therapy.

1 | Introduction

The demand for high-resolution measurement of radioisotope dis-
tributions, including the detection of plutonium (Pu) in nuclear
facilities and applications in high-energy physics experiments, has
significantly increased in recent years (Benabdallah et al. 2024;
Goutelard et al. 1998). Alpha-emitting radionuclides have become
a prominent focus in radiotherapy research. Due to the limited
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range of alpha particles, their cellular distribution plays a critical
role in determining therapeutic efficacy. In targeted alpha therapy,
the heterogeneous distribution of radionuclides affects the biolog-
ical impact of treatment, adding complexity and uncertainty to
radiation dose calculations (Benabdallah et al. 2024). Accurate lo-
calization of alpha particles is therefore crucial for optimizing drug
development and treatment planning, improving targeting preci-
sion, and reducing radiation-induced damage to healthy tissues.
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Summary

« Incorporating a microscope enables simultaneous
capture of ion-track and cellular structure.

« Determining the initial position of the trajectory based
on the Bragg curve.

« Optimization of optical and imaging parameters to
improve the performance.

Trajectory imaging technology holds significant promise for
measuring alpha particle distribution, and numerous efforts
have been made to advance alpha-particle trajectory imaging
techniques (Chéhadé et al. 2005; Kodaira et al. 2017; Miller
et al. 2015; Sohbati et al. 2022). Fluorescent nuclear track de-
tectors (FNTD) and CR-39-based autoradiography offer viable
solutions, delivering good spatial resolution for alpha-particle
trajectory imaging (Hu et al. 2024; Limam et al. 2023; Russell
et al. 2024; Sankowska et al. 2024). However, the complex and
time-consuming post-processing required for these methods
limits their measurement accuracy and efficiency. This draw-
back often results in trajectory overlap, complicating subse-
quent trajectory analysis and reducing overall precision. To
address these challenges, Yamamoto et al. 2018 developed a
high-resolution alpha-particle imaging system incorporating an
electron-multiplying charge-coupled device (EMCCD) camera,
a gadolinium aluminum gallium garnet (GAGG) scintillator
film, and an AA51. Using this system, they proposed a method
to estimate the incident positions of trajectories based on off-
focus images (Yamamoto et al. 2020, 2023, 2024a).

In this study, we combined an EMCCD camera with a GAGG
scintillator film and a fluorescent microscope to measure the
micro-distribution of radionuclides in cells. This approach
enables online, high-resolution imaging of alpha-particle tra-
jectories alongside cellular structures. We experimentally in-
vestigated the effects of key parameters on trajectory imaging
performance, proposing a novel analysis method based on the
Bragg curve derived from focused images and optimizing the
trajectory measurement technique. The method was prelim-
inarily applied to measure the distribution of alpha-emitting
drugs in A549 lung cancer cells using a Ra-223 liquid source.
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2 | Materials and Methods
2.1 | System Prototype and Imaging Processing

Figure 1B illustrates the imaging principle of the system proto-
type, with the red frame emphasizing the trajectory generation
process within the GAGG scintillator. When alpha particles in-
teract with the scintillator, they cause ionization and excitation,
depositing all their energy within the material. This process
results in the emission of scintillation light along the particles’
paths. The image of the scintillation light is then magnified by
the microscopic components and captured by a high-sensitivity
EMCCD camera, producing a trajectory image. Figure 1A shows
the imaging system prototype, which consists of a fluorescence
microscope (NM900, Nexcope), a GAGG scintillator, and an
EMCCD camera (iXon Ultra 888, Andor). To ensure accurate
imaging, the entire system was shielded from ambient light.

In this system, the scintillator is crucial in determining imag-
ing performance (Murata et al. 2022; Zhu et al. 2020). GAGG
was selected for alpha-particle detection due to its high light
output, excellent transparency, efficient detection capabilities,
and durability. To minimize focusing challenges and effec-
tively capture the entire alpha-particle trajectory, a thin scin-
tillator (dimensions: 10mm X 10mm X 0.03 mm) was employed.
For image acquisition, we utilized a high-sensitivity EMCCD
camera, a single-photon detector with an image resolution of
1024 %1024 pixels and a pixel size of 13um X 13 um. The cam-
era operates in kinetic acquisition mode with a readout rate of
10MHz and an electron multiplier gain of 50. The system also
incorporates three objective lenses, enabling image capture at
varying magnifications. Table 1 outlines the properties of these
lenses, highlighting their potential impact on the system's imag-
ing performance.

The images captured by the system were processed by ImageJ
software (Fiji 2.14.0) (Schindelin et al. 2015). The trajectory
length was calculated by multiplying the number of pixels by
the pixel size. To determine the system's spatial resolution, we
analyzed the distribution curve of pixel intensity along the
short axis of the trajectory. The full width at half maximum
(FWHM) was then calculated using the Gaussian fitting algo-
rithm in Origin 2018 (Moberly et al. 2018). The signal-to-noise
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FIGURE1l | (A)Imaging system; and (B) imaging principle of the entire system.
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ratio (SNR) of the image was assessed by comparing the av-
erage gray value of the pixel along the trajectory with the
standard deviation (SD) of the background, excluding the
trajectory.

2.2 | Reconstruction Technique for Estimating
the Initial Position of Alpha Particles

Determining the initial position of the particle trajectory can
offer more accurate information about the alpha particle's lo-
cation. Yamamoto et al. suggested using the off-focus image
of the trajectory to determine the incident direction, thereby
deriving the initial position (Yamamoto et al. 2024b). In this
study, we focus primarily on the Bragg curves of alpha parti-
cles. For alpha particles with energies exceeding 0.9 MeV, the
deposited energy initially increases slowly before rapidly de-
creasing, as reflected by the pixel intensity distribution along
the longitudinal axis of the trajectory. The trajectory length of
an alpha particle with energy of 0.9 MeV in GAGG is approxi-
mately 2 um, corresponding to four pixels in a trajectory image
obtained with a 100X objective lens. Therefore, for captured
trajectory images of alpha particles, if the trajectory length is
< 4 pixels, the midpoint of the trajectory is considered the ini-
tial position, as this results in a shorter trajectory and smaller
error in determining the initial position. However, when the
trajectory length exceeds four pixels, the initial position is
determined based on the Bragg peak characteristics of the
particle.

TABLE 1 | Optical properties of the objective lens.

Depth
Objective Numerical of field
lens type Magnification aperture (pm)
1 20% 0.45 2.62
2 50% 0.8 0.82
3 100x 0.9 0.65

al
?
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Figure 2 illustrates the methodology for determining the initial
position along an alpha-particle trajectory when the length ex-
ceeds four pixels. The process begins with the acquisition of the
alpha-particle trajectory image, which is then binarized to dis-
tinguish the trajectory from the background. Skeletonization is
applied to the binarized image, reducing the trajectory to a one-
pixel-wide representation, allowing for precise analysis. The
two endpoints of the skeletonized trajectory, labeled as A and B,
are identified using an endpoint detection algorithm. The inte-
gral gray values along the short axis of the trajectory at the two
endpoints are denoted as I, and I, respectively. The distribution
curve of the integral gray values between points A and B is cal-
culated, and the point with the maximum integral gray value
is identified as the Bragg peak, denoted as P, with an integral
gray value I,. The distance between point A and the Bragg peak
is Dz, and the distance between point B and the Bragg peak is
Dgp. The absolute slopes between points A, B and the Bragg peak
are calculated as:
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respectively. The point with the smaller absolute slope is identi-
fied as the initial position of the alpha particle.

2.3 | Experimental Setup for Alpha-Particle
Distribution Mapping

To verify the feasibility of the proposed trajectory imaging
method for measuring radiopharmaceutical cellular distri-
bution in Targeted Alpha Therapy (TAT), an experiment was
conducted to measure alpha-particle distribution using a Ra-
223 source and A549 cells. Figure 3 illustrates the complete ex-
perimental procedure for alpha-particle distribution mapping,
which can be divided into five main steps:

Endpoints extraction

length > 4pixels
E—
Ki<K;

FIGURE2 | Extraction of endpoints and determination of the initial position for the particle based on trajectories in images.
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FIGURE3 | Schematic of the experimental procedure for alpha-particle distribution mapping.

A. A sterilized GAGG slide is placed in a Petri dish, allowing
the A549 lung cells to adhere to its surface.

B. Hoechst 33258 is dropped on the surface of the GAGG slide
for 15min to stain the nuclei of the A549 cells.

C. PKH26 is dropped onto the surface of the GAGG slide for
15min to stain the cytoplasm of the A549 cells.

D. After staining, the GAGG slide, now covered with adher-
ent cells, is immersed in a 4% paraformaldehyde solution
for 20 min to preserve cell morphology and structure.

E. A 10uL drop of Ra-223 (3kBq) liquid source is placed on a
glass slide, and the cell side of the GAGG is positioned near
the Ra-223 source. Images of the cytoplasm and nucleus
of the A549 cells are captured using a 20X objective on
the microscope with a CMOS camera (NDC 20, Nxcope),
while the trajectory of alpha particles penetrating the cells
is captured using the developed imaging system with an
EMCCD camera.

3 | Results

3.1 | Influence of Camera Imaging Parameters on
Imaging Performance

Imaging experiments of alpha particles from Am-241 were per-
formed under three different binning settings (1x 1, 2x2, and
4x4) to investigate the impact of camera imaging parameters
on the system's imaging performance. Figure 1B shows the
overall layout of the scintillator, radioactive source, and objec-
tive lens in the system. The energy of the alpha particles from
Am-241 was 4.5MeV, and the exposure time of the EMCCD
camera was set to 2.5s. Figure 4A-C illustrate the captured
images of alpha-particle trajectories under the different bin-
ning settings using a 100X objective lens. The SNR and spatial
resolutions of the images for the three binning configurations
are indicated in these figures. Several line-shaped signals

corresponding to the trajectories of the alpha particles are vis-
ible. From the images marked with red arrows, discerning the
trajectories at the 11 binning setting proved challenging. As
the binning value increased, the trajectories became more dis-
cernible, with a slight increase in the width of the trajectories.
Figure 4D-F display the pixel intensity distribution curves
along the longitudinal axis of a single trajectory for each bin-
ning setting. A larger binning setting reduces the number of
pixels per trajectory, which decreases the granularity of inten-
sity variations but results in higher peak pixel intensities.

To investigate the effect of exposure time on the imaging of
alpha-particle trajectories, imaging experiments were con-
ducted with varying exposure times with the EMCCD camera
under a 100X objective lens. The binning mode of the EMCCD
camera was set to 4 X 4. Alpha-particle imaging was performed
with exposure times of 0.1, 1, and 2s. The resulting images of
alpha-particle trajectories from the Am-241 radioactive source
are shown in Figure 4G-1. As the exposure time increased,
the number of visible trajectories in the images also increased.
However, this increase was accompanied by a higher occur-
rence of trajectory overlaps. Figure 4I highlights one such
overlap, where two trajectories overlapping are clearly visible
within the red frame. These overlaps complicate the identifica-
tion and analysis of individual trajectories, potentially reducing
the accuracy and precision of the trajectory analysis.

3.2 | Influence of Optical Parameters on Imaging
Performance

To explore the influence of optical parameters on alpha-particle
trajectory imaging, experiments were conducted using objective
lenses with magnifications of 20X, 50%, and 100x. The expo-
sure time of the EMCCD camera was set to 1s, and the binning
mode was set to 4 X 4. The trajectory images captured under dif-
ferent objective magnifications are presented in Figure 5A-C.
As the magnification increased, the alpha-particle trajectories
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FIGURE4 | (A)-(C)Alpha-particle trajectory images (100x, exposure time 2.5s) captured by the system from Am-241 in different binning modes;
and (D)-(F) the corresponding pixel intensity distribution curves along the longitudinal axis of the trajectory in each mode; (G)-(I) Alpha-particle
trajectory images (100%, binning 4 X 4) captured by the system from Am-241 with different exposure times.

transitioned from dot-like shapes to short-line and long-line
shapes. This change corresponded to an increase in the num-
ber of pixels per trajectory, allowing for more detailed trajectory
information. However, higher magnification also resulted in a
reduced field of view, meaning fewer trajectories were captured
in a single frame.

For the images captured with different objective magnifications,
the pixel intensity distribution curve along the lateral direction of a
single trajectory is shown in Figure 5SD-F. Gaussian fitting was ap-
plied to the lateral profiles to calculate the full width at half maxi-
mum (FWHM), which was used to quantify the spatial resolution.
It was observed that the width of the lateral intensity curves de-
creased with higher magnifications, indicating enhanced spatial

resolution. Table 2 summarizes the overall spatial resolutions of
the system under the different objective lenses. As the magnifica-
tion increased, the spatial resolution of the system improved, pro-
viding more precise imaging of alpha-particle trajectories.

3.3 | Validation of the Method for Estimating
the Initial Position of the Particle

In this study, alpha particles interact with the GAGG scintilla-
tor, generating trajectories that represent the path of the alpha
particles within the material. To precisely localize the initial po-
sition of the alpha particles, we propose a reconstruction method
based on trajectory information. To assess the accuracy of the
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FIGURES5 | (A)20x,binning4 x4, exposure time 1s, trajectory image captured by the system from Am-241; (B) 50X, binning 4 X 4, exposure time
1s, trajectory image captured by the system from Am-241; (C) 100X, binning 4 X4, exposure time 1s, trajectory image captured by the system from
Am-241; (D) pixel intensity distribution curve along the lateral axis of a single trajectory from (A); (E) pixel intensity distribution curve along the
lateral axis of a single trajectory from (B); (F) pixel intensity distribution curve along the lateral axis of a single trajectory from (C).

TABLE 2 | The overall spatial resolution of the system under different objective lenses.

20x (NA =0.45) 50x (NA=0.8) 100X (NA=0.9)

FWHM (spatial resolution) um 3.40+0.3 1.95+0.1 1.13+0.1
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FIGURE 6 | (A) The relative positions of the Am-241 source, GAGG scintillator, and objective lens unit in the XOZ plane and the formation pro-

cess of the alpha-particle trajectory with fixed incident direction; (B) Visualization of the initial position determination for trajectory images, with red
dots indicating the identified initial positions of the trajectories and blue arrow indicating the real incident direction of alpha particles; (C) Statistical
analysis of the accuracy of initial position determinations based on trajectory images (Data are means + SD, **p <0.01).

proposed method, an experiment was proposed by imaging
alpha particles with a fixed incident direction. Figure 6A shows
the experimental setup, including the relative positioning of the

radioactive source, glass slide, GAGG, and the microscopic ob-
jective lens. This figure also shows the interaction of alpha par-
ticles emitted from the Am-241 source with the GAGG. Since
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the alpha particles produced by the Am-241 source are anisotro-
pic, only particles incident along the positive X-axis will interact
with the GAGG. Theoretically, this setup ensured that the alpha
particles entering the scintillator were directed along the posi-
tive X-axis. In other words, the alpha particles originated from
the left endpoint of the trajectory in this experiment.

Under this configuration, a total of 50 images of alpha-particle
trajectories were captured with an exposure time of 0.5s. The
experiment was repeated four times for consistency and re-
producibility. Then, the proposed reconstruction method was
applied to identify the initial positions of the trajectories in all
captured images. The results of initial-position identification
were divided into two groups: “left endpoint,” indicating the ini-
tial positions of alpha particles identified as the left endpoints
of the trajectory, and “right endpoint,” which corresponded
to the initial positions of alpha particles identified as the right
endpoints of the trajectory. To statistically evaluate the results,
a two-sample t-test was performed to compare the mean num-
ber of trajectories between the two groups. The statistical anal-
ysis, shown in Figure 6C, revealed that the proposed method
achieved an accuracy of 77% in determining the initial positions
of the alpha-particle trajectories.

3.4 | Distribution Map of Alpha Particle
Penetrating A549 Cells

To evaluate the feasibility of the proposed trajectory imaging
method for measuring the cellular distribution of radiopharma-
ceuticals in targeted alpha therapy (TAT), an experiment was
conducted using a Ra-223 source and A549 lung cancer cells.
Figure 3 provides an overview of the alpha-particle distribu-
tion mapping procedure. In this experiment, A549 cells were
cultured on the surface of a GAGG scintillator, with a Ra-223
solution placed beneath the scintillator. Several bubble regions
were created within the field of view (FOV) to simulate areas
with low-activity radioactive sources, as shown in Figure 7A-G.
With the binning set to 1x1, the system's single pixel size is

‘| high-activity
area area area

high-activity high-activity
5774

0.65um X 0.65um, resulting in an imaging field of view of ap-
proximately 665 um X 665 um. Given that the A549 cells used in
this study have an average diameter of about 12.5um, approxi-
mately 100 cells were captured in this fixed field of view.

Bright-field fluorescence imaging was used with a CMOS cam-
era to capture the structural details of the cells, while the tra-
jectory images of the alpha particles were recorded using an
EMCCD camera. The cell structure images captured by the
CMOS camera were fused and registered, creating a composite
cellular structure image (Figure 7C). Figure 7E displays the re-
gion of interest (ROI) images of the trajectories after threshold
segmentation. These two sets of images were then registered
and merged to visualize the distribution of the alpha-particle
trajectories, using the bubble regions as reference points in the
composite cell and trajectory ROI maps.

The white, line-like signals in the images represent the alpha-
particle trajectories, which show that the alpha particles emitted
from the Ra-223 source can penetrate the A549 cell layer and be
detected by the imaging system. Image registration was accom-
plished using the BigWrap plug-in ImageJ software (Bogovic
et al. 2016), and Figure 7G demonstrates the alignment of refer-
ence points, confirming a well-matched positional relationship
between the cell structure and trajectory images. This align-
ment allowed for the observation of the relative positioning of
alpha particles in relation to the cytoplasm and nucleus of A549
cells, enabling analysis of the cellular distribution of alpha-
emitting drugs.

Figure 7H illustrates the statistical results for the alpha-particle
trajectories per unit area in low- and high-activity regions. A
two-sample t-test was performed to compare the mean number
of trajectories between the two groups, and the results revealed
a significant difference, with the number of trajectories per unit
area in the low-activity region being much lower than in the
high-activity region. These findings indicate that the proposed
imaging method is well-suited for accurately measuring the dis-
tribution of alpha-emitting drugs in targeted alpha therapy.
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FIGURE 7 | (A) Fluorescence image of the A549 cell nucleus; (B) Fluorescence image of the A549 cell cytoplasm; (C) Composite cell image of

A549 cells. (D) Image of alpha particle trajectory penetrating the A549 cell layer; (E) ROI image of the particle trajectory after threshold segmenta-

tion; (F) Bigwrap-transformed image of the alpha-particle trajectory; (G) Distribution map of the alpha particle trajectory penetrating the cell; (H)The

statistics of trajectories in the bubble area and outside the bubble area in trajectory images (Data are means + SD, ***p <0.001).
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4 | Discussion

Trajectory imaging technology holds significant potential
for measuring alpha-particle distribution, and this study
introduces a novel method using an electron-multiplying
charge-coupled device (EMCCD) camera, a GAGG scintilla-
tor, and a fluorescence microscope. This approach facilitates
online, high-resolution imaging of alpha-particle trajectories.
Unlike prior systems that relied on magnifying units, the
microscope-based design of this system offers the flexibility
of interchangeable objective lenses, enhancing its versatility.
The system captures both microscopic distribution images in
bright-field and fluorescence modes and alpha-particle trajec-
tory images in light-shielded environments. Additionally, it
supports multi-scale alpha-particle measurements, increasing
its application flexibility.

The study examined the influence of camera imaging pa-
rameters and optical settings on the system's performance.
The impact of binning on imaging quality was evaluated
through experiments with alpha particles from Am-241 under
three binning configurations (1x1, 2%x2, and 4x4). The re-
sults showed that increasing binning significantly enhanced
the system's sensitivity, improving the recognition of alpha-
particle trajectories, particularly in conditions with low parti-
cle flux. Additionally, the effect of exposure time on imaging
performance was assessed. Imaging experiments with alpha-
particle trajectories from Am-241 were conducted at various
exposure times. It was observed that longer exposure times
led to more frequent trajectory overlaps, which complicate
trajectory counting and analysis. This finding suggests that
increasing exposure times will increase the likelihood of
overlapping trajectories, making accurate analysis more chal-
lenging. Unlike traditional autoradiography methods, such as
CR-39 and FNTD, the proposed method addresses this issue
by reducing the exposure time, effectively minimizing trajec-
tory overlap and thereby improving the accuracy of trajectory
analysis. Furthermore, the study assessed the impact of dif-
ferent objective lenses on imaging performance. The choice of
objective lens greatly affects spatial resolution. High magnifi-
cation lenses, such as the 100x objective, offered superior spa-
tial resolution (0.39 £ 0.1 um). However, higher magnification
also comes with a smaller depth of field, requiring a thinner
scintillator and flatter samples to maintain focus.

The study also proposed a novel method for determining the
incident positions of alpha particles, enhancing positional reso-
lution. This method accurately determined the initial positions
of alpha-particle trajectories from Am-241 with an accuracy
of 77%. Unlike prior approaches, this method proposed by
Yamamoto et al. (2020) uses focused images to estimate the po-
sitions of particles. Analysis showed that the method was more
reliable on trajectory images with clear Bragg peaks, with errors
occurring more frequently in images with less distinct Bragg
peaks. Further improvements in imaging resolution will enable
more accurate capture of pixel grayscale variations along the
alpha-particle trajectory, enhancing the accuracy of the initial
position determination.

In experiments involving A549 lung cancer cells, the distribu-
tion of alpha particles penetrating the cancer cells was mapped

by registering trajectory and cellular structure images. The anal-
ysis revealed a higher density of trajectories in the high-activity
regions, correlating with the distribution of the Ra-223 source.
This method offers new insights into the cellular distribution of
alpha-emitting drugs.

While the results are promising, several aspects require fur-
ther development. The investigation into factors that influ-
ence imaging performance, such as the readout rate of the
EMCCD and the properties of the scintillator, is ongoing.
Additionally, research on the practical application of this
method for assessing the distribution of radioactive drugs
in targeted alpha therapy remains limited. Future work will
focus on drug incubation experiments to further explore this
potential application.

Although the developed technique provides high-resolution
online measurements for radioactive drugs, the statistical ro-
bustness of the system for cell analysis may be insufficient at
this stage. The limited density of cells adhering to the surface
of GAGG and the constrained imaging area are primary fac-
tors affecting the system's statistical capabilities. To address
these limitations, we propose two key strategies: enhancing
cell density on the surface of GAGG and expanding the imag-
ing area. First, optimizing cell culture conditions to promote
better cell adhesion should be considered, or applying a cell
suspension directly onto the surface of GAGG could increase
the density of cells within the field of view. Second, expanding
the imaging area can be achieved through scanning imaging.
This involves adjusting the horizontal position (XY axis) of
the microscope stage to sequentially capture images of both
radionuclides and cells in different fields of view, while en-
suring consistent irradiation times to maintain data consis-
tency. Additionally, integrating the wide-field microscopic
device, such as the RUSH3D system, which offers high optical
resolution and a wide field of view (2.6 mm X 2.0mm with a
lateral resolution of 400nm), could significantly expand the
field of view while maintaining precise measurements (Fan
et al. 2019).

5 | Conclusion

In summary, this study introduced a novel method for mea-
suring the micro-distribution of radionuclides in cells using
an EMCCD camera, a GAGG scintillator film, and an optical
microscope. Unlike previous systems that relied on the AA51
magnifying unit, the proposed microscope-based design of-
fers interchangeable objective lenses, enhancing versatility.
The influence of imaging and optical parameters of both the
microscope and the EMCCD camera on imaging performance
was thoroughly investigated. In comparison to autoradiog-
raphy techniques, such as CR-39 and FNTD, the proposed
method effectively reduces trajectory overlap by lowering the
exposure time, thereby improving the accuracy of trajectory
analysis. A new approach for estimating the initial positions of
alpha particles from focused trajectory images was developed,
achieving an accuracy of 77%. The study also applied this
technique to investigate the radionuclide distribution using
A549 cells and a Ra-223 source. The distribution of the alpha-
particle trajectories closely matched that of the radionuclide,

2239



with distinct measurements in low-activity and high-activity
regions. These results confirm that the proposed technique
is suitable for examining the distribution of alpha-emitting
drugs within cells.
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