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Abstract: Medical personnel performing fluoroscopy and
angiography procedures are routinely exposed to ionizing
radiation. To ensure effective radiation protection in the
workplace, it is essential to identify procedures
associated with the highest occupational exposure doses
and perform optimization. This study aimed to compare
occupational exposure doses received by workers
performing different fluoroscopy and angiography
procedures and to identify dose optimization means.

Keywords:  Occupational  Exposure;  Radiation

Protection; Fluoroscopy; Angiography

1. Introduction

The use of medical imaging has significantly increased
due to changes in demographics, and improvements in
healthcare delivery. Consequently, medical personnel
may experience higher occupational radiation doses as a
result of increased workload, which could raise their
long-term risk of developing cataracts and radiation-
induced malignancies [1].

The usage of fluoroscopy and angiography techniques
has become an important part of modern medicine, that
includes different medical specialties such as
gastroenterology, interventional radiology/oncology, and
orthopaedics. Even though these procedures demonstrate
great therapeutic and diagnostic benefits, healthcare
workers still experience a health risk from the use of
ionizing radiation [2].

Ionizing radiation doses to workers depends on multiple
factors, including procedure type, duration, anatomical
region, C-arm angulation, staff positioning and behavior
in operating room, and the use of personal protective
equipment [3].

To evaluate Hp(10) doses, passive dosimetry, such as
optically  stimulated  luminescence = (OSL) or
thermoluminescent (TL) dosimeters 1is routinely
implemented in clinical practice. While this method
reliably provides cumulative dose, it does not inform
workers about real-time exposure or procedure-specific

risks, and these methods are further limited by high
uncertainty and a relatively high minimum detectable
dose [4]. Therefore, it is important to gain a deeper
understanding of dose variations across different
procedure types and anatomical regions.

The aim of this study was to compare exposure doses
received by workers performing orthopaedical trauma,
endoscopic retrograde cholangiopancreatography and
radioembolization with Ho-166 procedures.

2. Methods and materials

The study was conducted at Vilnius University Hospital
Santaros Klinikos during the period from 2024 to 2025.

Occupational radiation doses Hp(10) to physicians and
radiology  technologists were collected during
fluoroscopic and angiographic procedures: orthopaedical
trauma surgery, endoscopic retrograde
cholangiopancreatography (ERCP), and
radioembolization with Ho-166. Additionally, to further
evaluate ionizing radiation exposure doses in
orthopaedical procedures, they were subdivided into 5

anatomical regions: shoulder/humerus,
forearm/wrist/hand, hip/pelvis, knee/tibia, and ankle/foot
(Fig. 1).

During orthopaedical trauma procedures, fluoroscopy is
used to guide fracture reduction and implant positioning
[5], with the C-arm operated by the radiology
technologist. During an ERCP procedure, the guidewire
is inserted onto the common bile duct using a C-arm.
Afterwards a catheter is placed for contrast injection so
as the physician could obtain visualization of the biliary
and pancreatic ducts in real time. During this procedure,
C-arm is operated by a radiology technologist [6].
Radioembolization with Ho-166 is performed with an
angiography system under catheter guidance by the
interventional  radiologist, while the radiology
technologist assists in the preparation and injection of
Ho-166 microspheres. This type of procedure is
performed to treat hepatic cancer [7].
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To evaluate personal dose equivalent Hp(10) doses,
DMC 3000 active personal dosimeters (APD) by Mirion
Technologies were used, worn at chest level over
personal radiation protective equipment. The dimensions
of the dosimeter were 87 x 60 x 21 mm, and the dose
equivalent range was 0.1 puSv to 10 Sv. All dosimeters
have been metrologically verified by the Vilnius
Metrology Centre.

1. Shoulder/humerus |>

2. Forearm/wrist/hand

(VI ExT.

‘ 4. Knee/tibia

5. Ankle/foot

Fig. 1. Anatomical regions of orthopaedical procedures.

Additionally, to assess the correlation between personnel
dose and examination parameters, data such as dose area
product (DAP), air kerma, and fluoroscopy time were
collected.

During orthopaedical and ERCP procedures, fluoroscopy
was performed using Philips Healthcare BV Endura
(manufactured in 2015) and OEC Elite C-arm
(manufactured in 2020) units, whereas radioembolization
procedures were carried out with a Philips Healthcare
Azurion 7 Cath lab system (manufactured in 2020).
Statistical analysis was calculated using R environment
(RStudio version 2025.05.1+513) with Rcmdr package.
The Shapiro-Wilk test was used to assess the normality
of continuous variables. Since occupational radiation
dose values were not normally distributed, results are
presented as median with interquartile range (IQR).
Comparisons between physician and radiology
technologist doses within each procedure group were
performed using the Wilcoxon signed-rank test. To
compare the radiation doses obtained during different
types of procedures, the Kruskal-Wallis test was
performed. A p-value <0.05 was considered statistically
significant.

3. Results and discussion

The results of physician and radiology technologist
doses, as well as DAP, fluoroscopy time, and air kerma,
are summarized in Table 1. The highest radiation
physician doses were received during radioembolization
with Ho-166 (median 27.1 pSv, IQR 11.9-29.2 uSv),
meanwhile the doses during ERCP and orthopaedical
procedures were substantially lower, resulting in 4.2
(IQR 3.5-46 pSv) and 09 (IQR 0.4-2.6) uSv,
respectively. Also, a Kruskal-Wallis test showed a

statistically significant difference in physician radiation
doses across procedure types (p < 0.001). The highest
exposure doses in interventional radiologists during
radioembolization can be explained by the combined use
of X-rays and additional irradiation from Ho-166
radionuclides, resulting in two distinct sources of
exposure. During this type of procedure, interventional
radiologists are mainly exposed to scattered radiation
from fluoroscopy, meanwhile radiology technologists
receive a relatively higher doses from Ho-166 due to their
involvement in preparing, handling radioactive
microspheres and related materials.

Comparing the occupational exposure distribution of
radiology technologists, the same pattern as for
physicians was observed: the highest doses were
recorded during radioembolization with Ho-166 (median
11.9 uSv, IQR 5.3-13.3 uSv), followed by ERCP
(median 0.4 pSv, IQR 0.2-0.5 pSv), and orthopaedical
procedures (median 0.1 uSv, IQR 0.0-0.2 uSv).
Analyzing examination parameters also showed that
radioembolization with Ho-166 had the highest values,
requiring significantly longer fluoroscopy times (median
276 seconds), higher DAP values (median 17.59 Gy-cm?,
Fig. 2) and more air kerma (median 167.00 mGy) than
ERCP (median 62 s, 0.65 Gy-cm?, 3.19 mGy), and
orthopaedical procedures (median 16 s, 0.09 Gy-cm?,
0.21 mGy).

Across all procedure types, the median occupational
radiation doses for physicians were significantly higher
than those for radiology technologists (p < 0.001;
see Fig. 3).

The median dose for orthopaedical procedures was 0.9
puSv for physicians compared to for technologists (0.1
puSv), for ERCP - 4.2 versus 0.4 pSv, and for
radioembolization with Ho-166 - 27.1 versus 11.9 pSv.
Depending on the procedure type, physicians generally
received doses that were up to 10 times higher than those
given to radiology technologists. This consistent
difference can be explained by the fact that during
procedures, physicians are closer to the patient and X-ray
source, whereas technologists are generally positioned at
a greater distance, resulting in substantially lower
exposure.

Figure 4 presents the comparison of physician doses
across different anatomical regions. To maintain
readability, two extreme outliers found in the
orthopaedical hip/pelvis procedures (39.3 and 37.5 uSv)
were not included in the boxplot visualization, however,
the statistical analysis included their values.

In comparison between different orthopaedical
procedures, the highest median doses for physicians were
found to be during hip/pelvis operations (median 2.5
uSv). Lower median doses were recorded for knee/tibia,
forearm/wrist/hand, ankle/foot, and shoulder/humerus
procedures (1.2, 0.6, 0.6, and 0.6 pSv, respectively).
According to the results shown in Figure 4, the hip/pelvis
anatomical region group showed the broadest distribution
of physician doses, suggesting a wide range of exposures.
The differences in case complexity, body anatomy,
surgical time, and other factors that have a profound
effect on fluoroscopy consumption can each account for
this variability.
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Table 1. Occupational radiation doses and examination parameters during different fluoroscopic/angiographic procedures

Radiology .
- . DAP Fluoroscopy Air kerma
Procedure / Region Physician dose (uSv) techn(zlosg:;t dose (Gy-cm?) time (s) (mGy)
(number of procedures) . . K
Median Min-max Median Min-max Median (IQR)
(IQR) (IQR)
. 0.9 0.1 0.09 16 0.21
Orthopaedical, total (71) (0.4-2.6) 0.1-39.3 (0.0-0.2) 0.0-0.9 (0.05-0.28) (9-42) (0.11-1.03)
0.6 0.1 0.09 7 0.20
— Shoulder/Humerus (8) | 37y 5y | 0090 | 505 | 00-03 (0.04-0.10) (2-13) (0.20-0.33)
— Forearm/Wrist/ 0.6 02-3.1 0.1 0.0-0.3 0.05 14 0.12
Hand (13) (0.3-0.9) o (0.0-0.1) s (0.04-0.07) (10-23) (0.09-0.16)
. . 25 0.1 0.34 33 1.70
— Hip/Pelvis (25) (1.4-7.1) | 1393 | 0103 | 0008 (0.16-0.71) (21-56) (0.88-2.30)
N 1.2 0.1 0.11 70 0.72
— Knee/Tibia (7) 0525 | %128 | 104 | 0009 (0.06-0.41) (35-76) (0.33-0.93)
0.6 0.1 0.06 10 0.13
— Ankle/Foot (18) ©2-09) | "2 | 0001y | 0003 (0.04-0.08 (6-17) (0.10-0.17)
42 0.4 0.65 62 3.19
ERCP (7) 3.5-46) | 212 | (0205 | 0003 (0.55-0.97) (57-69) (2.44-3.76)
. . 27.1 167.00
Radioembolization 11.9 17.59 276
! (11.9- | 5.1-105.6 : 2.0-27.9 : ! (85.60-
(Ho-166, 13) 29.2) (5.3-13.3) (9.47-19.1) (204-372) 233.00)
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Evaluation of the doses of radiology technologists during
different orthopaedical procedures were found to be low,
with a median of 0.1 puSv across all anatomical regions.
The highest doses were found during knee/tibia and
hip/pelvis operations (maximum values 0.9 and 0.8,
respectively), however during majority of procedures no
measurable dose was detected, with the dosimeters
frequently recording values of zero.

4. Conclusions

Occupational ionizing radiation exposure doses were
found to differ between procedure types and anatomical
regions. The highest doses were received during
radioembolization with Ho-166, while ERCP and
orthopaedical procedures resulted in much lower
exposure to physicians and radiology technologists. Such
procedural parameters, as fluoroscopy time, DAP, and air
kerma, closely mirrored this distribution, demonstrating
that more complex and prolonged interventions result in
higher doses to personnel.

Based on these results, it is indicated that monitoring and
protective measures should be adapted to the specificity
and characteristics of radiological procedure. A better
understanding of these factors can lead to the application
of more effective strategies aimed at reducing

occupational exposure in clinical practice and this data
can also be used for dose prediction and to further
improvement of radiation safety.
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Abstract: In conventional radiology, digital radiography
has become a standard tool in routine clinical practice
because of its high-quality image performance and post-
processing options, which have led to enhanced
visualisation of anatomical structures. However, this
advancement has also been associated with the
phenomenon of ‘dose creep’ related to progressively
higher patient radiation exposures, as it can tolerate a
wide range of DAP values without noticeable image
degradation. This risk is exacerbated when X-ray
systems lack effective communication or when
automatic exposure control fails to detect the required
number of photons.Moreover, X-ray systems rely on
image processing techniques that affect the displayed
image's grey levels. Therefore, this study presents a
comprehensive evaluation of image quality indices (IQI)
(signal-to-noise ratio (SNR), contrast-to-noise ratio
(CNR)) and total amount of radiation delivered to
patients (dose area product (DAP)). The findings
highlight variations in image display performance
across different tissues and IQIs with respect to
changing acquisition parameters (kV, mAs, DAP).
These results offer meaningful implications for
radiography lung protocol optimisation.

Keywords: Image quality, X-ray systems, PH-I1
“Lungman” phantom, ImageJ, SNR, CNR

1. Introduction

Digital chest radiography (DCR) is the gold standard for
the initial assessment of thoracic abnormalities [1].
Nevertheless, radiographic image interpretation can be
challenging due to the overlapping anatomical structures
and the rendering of X-ray systems. The improvement
of conventional radiology systems demonstrated high
detective quantum efficiency, resolution, broad dynamic
range, as well as acceptable image quality even in

under- or over-exposure scenarios [2,3]. These scenarios
can be affected not only by X-ray systems' malfunctions
but also by the performance of the radiology
technologist [3]. Prior research indicates that stricter
dose management is necessary. Studies have
demonstrated that radiology technologists tend to
increase exposure levels to prevent re-imaging. It was
reported that the entrance surface dose in digital
radiography increased by 55%, highlighting the
importance of careful dose optimization [4]. While DR
detectors exhibit relatively low dependence on exposure
parameters during image acquisition, significant
variability arises from the way different X-ray systems
process raw detector signals and render images for
display. Therefore, even under identical exposure
parameters, the diagnostic appearance of images may
vary considerably across systems [2,5]. However, even
minor variations in grey level representation can
increase misdiagnosis on chest radiographs, a challenge
that is particularly noticeable among less experienced
radiologists [6]. For these reasons, this study aimed to
compare and analyse how commonly used X-ray
systems display different tissue IQI, wusing an
anthropomorphic phantom.

2. Materials and methods
2.1. Diagnostic procedure planning

The  anthropomorphic  chest region phantom
(multipurpose chest phantom N1 “LUNGMAN” PH-1
model) (Fig. 1) was used for the radiographic image
acquisition [7]. The phantom was irradiated using
different X-ray systems (RADspeed, RADspeed MC,
RADspeed Pro, RADspeed Pro EDGE, Aceso), each
equipped with a distinct digital radiography (DR)
detector (DRTECH EVS 4343, VIVIX-S 3643VW, DR-
ID 900, FLAATZ-750, CXDI-410C) at the Klaipeda
University Hospital Clinic of Radiology.
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| _a)
Fig. 1. Anthropomorphic phantom PH-1 model a) phantom
structure, b) chest wall, c) heart, trachea, pulmonary vessels

and diaphragm

The basic acquisition protocol was employed for
multiple successive acquisitions, as outlined in Fig. 2.
The chest phantom was positioned in the posterior-
anterior projection, with a source-to-image distance
(SID) of180 c¢m andcollimation set to 37x30 cm. Chest
radiographs were acquired by changing tube voltage
from 60 kV to 130 kV in 10 kV increments, using tube
currents of 160, 250, 320 mA, and exposure times
determined by the automatic exposure control system.
For each X-ray system, a total of 24 radiographic
images were acquired, corresponding to 24 distinct
combinations of scanning parameters (tube voltage, tube
current, time).

A total of 240 radiographic images (attenuation and
inverse) were systematically acquired for analysis.

Fig. 2. Schematic represenatlon of the experimental geometry
employed in this study

2.2. Radiographic image analysis

All image review and quantitative analyses were
performed using a 24.1-inch, 2.3-megapixel EIZO
RadiForce MX241W diagnostic monitor. Each image
was acquired with a 16-bit grayscale depth and retained
in this bit depth throughout preprocessing and analysis
to ensure high-fidelity representation of intensity
variations. ImagelJ, a widely used open-source software
platform specifically developed for multidimensional
scientific image analysis [8], was utilised for the
quantitative evaluation of these images (Fig. 3).

For this analysis, seven regions of interest (ROIs) were
set, and DCR images, including both attenuation and
inverse radiographs, were analysed to evaluate these
regions. Each ROI corresponded to a distinct tissue
type: transverse process (bone), left lung, right
bronchus, oesophagus, soft tissue, background, and the
right lung (Fig. 4).

To evaluate the IQI of every scanning combination,
signal-to-noise ratio (SNR) and contrast-to-noise ratio
(CNR) were calculated. The SNR within a region of
interest (ROI) inside the object can be quantified as the
ratio of the mean grey value y; of the ROI to the noise
present in that region, represented by the standard
deviation o, of the ROI’s grey values. Accordingly, the
SNR can be expressed as follows [9]:

SNR =% (1)

01

Fig. 3. The resultiﬁg phantom radiograph with selected ROIs
circles

= | Background |

Fig. 4. Evaluation of a) attenuation and b) inverse
radiographic images

The CNR is a key parameter, as it directly affects the
detectability of defects within a volume. It can be
calculated from the mean grey values of the object (1)
and the background (uv), with the noise quantified by
the SD of the background pixel values (ay), as follows
[10]:

CNR = =il ©)

Ob

2.3. Statistical data analysis

Statistical analysis was performed using SPSS software
version 31.0 (IBM Inc, Armonk, New York, US).
Normality of continuous variables, including
kilovoltage (kV), milliampere-seconds (mAs), dose-area
product (DAP), signal-to-noise ratio (SNR), and
contrast-to-noise ratio (CNR), was evaluated with the
Kolmogorov—Smirnov test. As the data significantly
deviated from normality, parametric tests were
considered inappropriate. Non-parametric analyses were
therefore applied: the Mann-Whitney U test was used to
compare variables between two independent groups; the
Kruskal-Wallis H test was applied for comparisons
among more than two independent groups.
Relationships between exposition parameters (kV, mAs,
DAP), technical setup (filtration, grid ratio, lines) and
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SNR or CNR were explored using Spearman’s rank
correlation. To normalise the results and reduce the
effect of large numerical variations, the base-10
logarithm (log10) was applied to all measured values.
This transformation compressed the range of the data,
facilitating statistical analysis and visualisation. All
values were positive before transformation. Data are
presented; p-values < 0.05 were considered statistically
significant.

3. Results and discussion

Previous studies have extensively examined how basic
X-ray parameters influence image quality in different
settings [11,12]. This study demonstrates that detector
performance should be evaluated using both attenuation
and inverse image metrics, even when derived from the
same dataset, as shown in Table 1. As observed,
detector 4 consistently outperformed the others across
both standard and inverse metrics, achieving high SNR,
CNR, INSNR, and INCNR values across all tissues.
Conversely, detectors 1 and 2 exhibited lower image
quality metrics, especially in lung and soft tissue
regions. These findings suggest that pixel size alone
does not determine detector performance. Instead,
intrinsic properties of the detector and signal processing
play a crucial role in shaping both standard and inverse
image quality.

Table 1. X-ray systems differences compared between
exposure parameters and 1QI.

Detector type 1 2 3 4 5
Pixel (mm?) .016 .019 .023 .028
Grid ratio 10:1 12:1 12:1 10:1
Grid density 52 l/cm 40 l/em 40l/em 36 l/cm
Filtration 1.5/0.2 2.1 Al 2.5 Al 2.1 Al 2.5 Al
Al/Cu

mAs 0.83 0.77 0.64 0.52 0.74
DAP 0.66 1.12 0.83 0.87 1.08
SNRBronch. 1.19 1.34 1.34 1.09 1.19
SNRs.i 1.29 1.39 1.47 0.94 1.00
SNR7: 1.66 1.83 1.75 1.43 1.45
SNREosophag. 1.81 1.99 2.05 1.58 1.69
SNRR.Lung 1.13 1.41 1.60 1.17 1.14
SNR.Lung 1.06 1.31 1.26 1.29 1.38
CNRBronch. 233 1.92 2.67 2.92 2.82
CNRsoft 2.53 1.98 2.78 3.00 2.87
CNR7 251 2.06 2.84 3.07 2.97
CNR Eosophag 2.62 2.11 2.92 3.13 2.99
CNRR Lung 2.23 1.82 247 2.82 2.76
CNRLLung 2.23 1.79 247 2.74 2.69
INSNRBronch. 1.28 1.32 1.44 1.08 1.32
INSNRson 1.12 1.38 1.39 1.20 1.13
INSNR7: 1.21 1.39 1.36 1.81 1.83
INSNREosoph. 1.23 1.37 1.67 1.90 2.00
INSNRR.Lung 1.28 1.66 1.82 1.08 1.23
INSNR..Lung 1.29 1.49 1.54 1.07 1.27
INCNRBronch. 2.13 1.30 2.16 2.98 2.82
INCNRso 2.30 1.42 2.35 3.04 2.82
INCNR7: 2.35 1.52 2.45 3.14 2.97
INCNR Eosoph. 2.43 1.56 2.51 3.20 3.00
INCNRR Lung 2.24 1.61 2.60 2.90 2.76
INCNR;.Lung 2.07 1.31 2.20 2.80 2.70

In the present study, SNR values generally aligned with
those reported in a previous investigation. However,
CNR values showed significant discrepancies despite
using the same ImagelJ analysis. A likely reason for this
difference is the size of the region of interest (ROI),
which was not specified in the earlier study [12]. Visual
assessment indicates that their ROIs were significantly

larger than the 70 px? ROIs used in the current analysis,
which may have contributed to the variation observed in
CNR. This highlights the importance of clearly
reporting ROI selection criteria, as differences in ROI
size can greatly influence quantitative image metrics.
While acquisition parameters (kV, mA, ms, mAs) and
technical settings (grid ratio, lines, filtration) were
maintained, the stability (p > 0.05), dose-area product
(DAP), and image quality indices (SNR, CNR, INSNR,
INCNR) differed significantly (p < 0.001) across X-ray
systems.

Nonparametric analyses using Mann—Whitney U and
Wilcoxon Signed Ranks tests showed that grid lines
significantly affected radiographic image quality and
radiation exposure. The grid density of 52 lines/cm
consistently provided superior SNR as well as CNR
compared to the 36 and 40 lines/cm grids. The most
pronounced improvements in SNR were most notable in
the bronchus, soft tissue, transverse process, lungs, and
oesophagus (p<0.001). CNR enhancements were
notable in the bronchus, bone, and lung regions
(p<0.05), while soft tissue and oesophagus showed
trends towards improvement without reaching statistical
significance.

In contrast, an alternative pattern was observed in the
application of new pixel-aligned (PA) grids. The PA
grid density of 66.93 lines/cm does not provide
improved SNR relative to the conventional grid (40
lines/cm). However, up to 50 kV PA and conventional
grids provided comparable image quality [13].
Therefore, these findings indicate that the improved
radiographic image quality cannot be attributed solely to
grid density. However, these findings suggest tissue-
specific grey value differences in response to grid lines.
Increasing the number of grid lines is especially
beneficial in areas demanding detailed structural
resolution.

Nevertheless, the total quantity of X-ray photons (mAs)
was significantly higher for the 52 lines/cm grid
(p <0.001), reflecting the importance of 1.5 Al and 0.2
Cu X-ray beam filtration, as additional exposure levels
necessary for improved image quality were not
observed. When normalised to dose, the 52 lines/cm
grid demonstrated enhanced SNR and CNR per unit
exposure, indicating efficient exposure utilisation
despite the higher tube current. Lower-density grids
(3640 lines/cm) maintained adequate image quality
while minimising dose, supporting their use in routine
imaging.

Variations in grid ratio significantly enhance image
quality by reducing scattered radiation, although higher
ratios may require adjustments in exposure to control
patient dose. The 12:1 grid ratio showed higher SNR
and CNR in bronchus, soft tissue, transverse process,
oesophagus, and lungs (p<0.003). Importantly, kV,
mAs, and DAP were comparable between grid ratio
groups (p>0.05), indicating that image quality was
independent of radiation dose. However, increasing the
grid ratio considerably improves image quality by
reducing scatter, though higher ratios may require
careful exposure adjustments to avoid increasing patient
dose [13,14].
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The comparative analysis of three radiographic
filtrations demonstrated significant differences in image
quality across multiple anatomical regions. Signal-to-
noise ratio (SNR) was highest in Group 1 (2.5 mm Al)
for bronchus, soft tissue, transverse process,
oesophagus, and right lung (p < 0.004), while left lung
SNR showed a non-significant trend (p =0.109). Group
2 (2.1 mm Al) demonstrated moderate SNR values,
while Group 3 (1.5mm Al + 0.2mm Cu) provided
slightly lower SNR than Group 1 but achieved more
consistent contrast across tissues, particularly in soft
tissue regions. Contrast-to-noise ratio (CNR) followed a
similar pattern. Group 1 consistently demonstrated the
highest CNR for bronchus, soft tissue, transverse
process, and oesophagus, although not all differences
reached statistical significance (p>0.05). Lung CNR
was generally higher in Groups 1 and 2 compared to
Group 3, with left lung CNR reaching significance for
Group 1 (p=0.002). Group 3 showed modest
improvements over Group 2 in certain regions,
suggesting that the addition of Cu filtration can enhance
tissue contrast while reducing patient exposure. Similar
results were reported, indicating that using additional
filtration, the effective dose can be reduced by up to
50% without compromising image quality [15].
Additionally, depending on the thickness of the Cu
filter, the entrance skin dose can be reduced up to 20%
without affecting image quality [16].

Patient exposure analysis revealed a direct relationship
between filtration thickness and patient exposure. A
phantom group with 2.5 mm Al filtration revealed the
highest milliampere-seconds (mAs) and dose-area
product (DAP) (both p<0.001), reflecting increased
photon attenuation associated with thicker filtration. In
comparison, the last group using 1.5 mm Al + 0.2 mm
Cu achieved the lowest DAP while maintaining
clinically acceptable SNR and CNR.

Tube voltage (kV), pixel size, and grid ratio were
similar across all groups (p>0.05), confirming that
observed differences in image quality were primarily
attributable to filtration rather than other acquisition
parameters. Collectively, these results highlight that
careful optimisation of grid density, grid ratio, and beam
filtration can enhance radiographic image quality,
particularly in anatomically complex regions such as the
bronchus and lungs. Importantly, many of these
improvements can be achieved without proportionally
increasing radiation dose, emphasising the potential for
protocol optimisation to balance diagnostic performance
and patient safety.

The X-ray beam's energy (kV) groups demonstrated
statistically significant variation, reflecting region-
dependent sensitivity to imaging parameters. In
particular, the comparison between 60 kV and 100 kV
revealed pronounced differences. INSNRpronchus values
were significantly higher at 60 kV (p < 0.05), while
other SNR and CNR measures remained largely
unchanged. Similarly, comparisons between other
groups revealed significant differences in INSNRpronchus
(p < 0.05), suggesting that airway structures are
particularly affected by kilovoltage adjustments, even
when overall image quality appears stable (Fig. 5).
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Fig. 5. Comparison of inverse image SNR values at different
tube voltages: (a) 60 kV and (b) 100 kV

Pixel size was a major determinant of image quality.
Larger pixel sizes were associated with increased SNR
in lung regions (right lung p = 0.627, left lung p =
0.626, p < 0.001), reflecting improved signal
homogeneity due to higher photon sampling per pixel.
However, SNR in bronchial (p =—-0.299, p <0.001) and
soft tissue (p = —0.584, p < 0.001) regions decreased
with larger pixels, indicating a trade-off between spatial
resolution and signal detectability in finer structures.
The comparisons between pixel size groups confirmed
significant differences in SNR and CNR metrics across
bronchial, lung, soft tissue, bone, and oesophagus
regions (p < 0.05), although bronchial SNR was not
statistically significant. These results highlight the need
to tailor pixel size based on the clinical target, balancing
noise reduction in low-density lung tissue with the
resolution required for small structures.

As expected, X-ray beam intensity and exposure
parameters (mAs, DAP) demonstrated a strong
association with image quality, a relationship that has
likewise been documented by other investigators
[12,17]. X-ray beam quantity parameter (mAs)
correlated positively with DAP (p = 0.721, p < 0.001),
reflecting expected dose scaling. Higher mAs values
were associated with improved SNR and CNR across
lung, soft tissue, oesophagus and bone regions, and
pairwise comparisons showed statistically significant
differences in SNRrrung (p = 0.046), SNRLLung (p =
0.037), CNRBronchus (p = 0.034), CNRt2 (p = 0.038),
CNREosophagus (p = 0.041), and CNRsot (p = 0.041).
Similarly, DAP-based grouping revealed significant
differences in most SNR and CNR indices (p < 0.05),
emphasising that higher patient exposure is linked to
enhanced signal and contrast in pulmonary imaging
(Fig. 6).

As it could be seen more signal relative to noise for
each unit of exposure. The highest dose efficiency can
be observed in the DR-ID 900 detector. However,
almost all X-ray systems represented better image
quality with less radiation exposure.

However, SNR in bronchial regions, bone, and
oesophagus tissue in some cases did not differ
significantly, suggesting these areas are less sensitive to
dose  changes. Correlation analyses revealed
interdependencies between acquisition parameters and
image quality metrics. Tube voltage correlated
negatively with mAs (p = —0.941, p < 0.001) and
exposure time (ms; p = —0.904, p < 0.001), reflecting
automatic exposure control in higher-kV acquisitions.
Increased tube voltage tended to reduce SNR in
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bronchial and soft tissue regions, consistent with
reduced subject contrast at higher photon energies.
Across tissue types, SNR measures were highly
intercorrelated (e.g., SNRgronchi—SNRsort p = 0.777, p <
0.001; SNRgronchi—SNRr12 p = 0.773, p < 0.001), and
CNR values showed strong correlations (p > 0.95, p <
0.001), suggesting that enhancements in a specific
region typically correspond to improvements in overall
image quality.

Image quality indices per exposure unit
25
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Fig. 6. Comparison of X-ray systems' performance through
image quality indices per exposure unit

4. Conclusions

The quality of digital chest radiography images depends
on detector properties, grid setup, beam filtration, and
acquisition parameters.

Tailoring these factors to specific anatomical targets
maximises diagnostic performance while minimising
radiation exposure, supporting protocol standardisation
and adherence to ALARA principles.

The detector properties and signal processing critically
influence both standard and inverse image quality
metrics, as evidenced by the consistently superior
performance of Detector 4 across SNR, CNR, INSNR,
and INCNR measures.

High-density grids (52 lines/cm) and higher grid ratios
(12:1) delivered notable improvements in SNR and
CNR, particularly in anatomically complex regions such
as the bronchus, lungs, and soft tissues. These gains
were achieved efficiently, with normalised SNR and
CNR, demonstrating effective use of exposure despite
higher mAs requirements, highlighting the importance
of parameter calibration to balance image quality and
radiation dose.

Beam filtration similarly affects image quality and
patient exposure. Thicker aluminium filtration increased
SNR and CNR but required higher exposure, whereas
combination aluminium-copper filtration maintained
clinically acceptable contrast with lower dose,
illustrating the trade-offs between contrast enhancement
and radiation safety.

Acquisition parameters—including tube voltage, mAs,
DAP, and pixel size—exert tissue-specific influences.
Larger pixel sizes improved SNR in lung parenchyma
but reduced detectability in finer structures such as
bronchi and soft tissue. Higher mAs and DAP were
associated with improved SNR and CNR across
multiple regions, whereas higher tube voltage reduced
contrast in bronchial and soft tissue structures. Strong
intercorrelations among SNR and CNR metrics suggest
that optimisation in one region generally enhances
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overall image quality, although fine structures remain
sensitive to parameter adjustments.
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Abstract: According to 2022 WHO data, in Lithuania,
lung cancer is the leading cause of cancer - related deaths
among men and ranks second in case rate. Among
women, it is the third most common cause of cancer
mortality and ranks fourth in new incidence rate. Early
diagnosis of lung cancer significantly improves disease
control and overall quality of life. However, symptoms
often emerge only at advanced stages and are frequently
mistaken for other conditions such as bronchitis or
asthma. As a result, lung cancer screening in the
population should become a standardized practice.

Dose reduction is crucial because individuals undergoing
CT screening are exposed to significant levels of
radiation, which can increase the risk of stochastic
effects. Low - dose CT (LDCT) aims to minimize
radiation exposure while maintaining sufficient image
quality for accurate diagnosis.

The goal of this study is to create simulated low-dose
images from high - quality scans in a way that mirrors
real-world dose reduction scenarios. CT images will be
generated in such a way that would mimic real CT image
data, which was acquired by changing mAs.

Most of CT images are the simulated using sinogram
domain, which does not include real-world CT image
quality nuances such as electronic noise, processing noise
and etc. Therefore, in this study, simulation will be
performed using image domain which means that
reconstructed image quality after optimization will be
more accurate.

CT
evaluation, CTDI optimization

Keywords: image reconstruction, noise index

1. Introduction

Lung cancer remains one of the most lethal malignancies
worldwide [1]. This is because the disease is usually
diagnosed at an advanced stage, when curative treatment
is no longer possible or it is very complicated to perform.
Early detection is very important, as identifying small
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pulmonary nodules, infiltrations or any suspicious
malignancies before symptoms develop further can
drastically improve survival outcomes [2]. Conventional
diagnostics, such as X-ray, however, are usually
insufficient for screening large populations at risk,
therefore a more extensive diagnostic procedures should
become a new standard [3].

Low-dose computed tomography (LDCT) provides a
great improvement for the detection of early lung cancer
[3]. Several large clinical trials have demonstrated that
LDCT screening reduces lung cancer mortality in high -
risk populations by early detection of lung cancer,
resulting in better treatment outcomes later - on, thus it
became a preferred strategy for population - based
programs [2]. Despite these benefits, the cumulative
radiation exposure from repeated scans raises legitimate
concerns [4].

Although individual LDCT examinations deliver
relatively small radiation doses, the stochastic risk
associated with radiation exposure cannot be ignored
when millions of people undergo annual screening.
Therefore, optimization of CT protocols is essential to
balance diagnostic performance and radiation safety.
Traditionally, protocol optimization has been carried out
by acquiring phantom and patient images with different
parameters. However, this approach is time-consuming
and not entirely accurate, as it is not possible to simulate
different dose levels on real patient images due to
exposure limitations. Moreover, phantom images
typically do not contain malignancies, and when they do,
these are often clearly visible and well known to
radiologists. This makes the development of LDCT
protocols more complex. [5].

One of the attempts was more systematic approach for
CT image quality assessment was developed using a
Catphan 700 phantom. This method evaluated
parameters such as CT number accuracy, modulation
transfer function (MTF), contrast - to - noise ratio (CNR),
and the effects of iterative reconstruction (Clearview IR)
under varying acquisition settings [6]. To further
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overcome these challenges, researchers have developed
noise - insertion and dose - simulation techniques that
allow high - quality CT images to be converted into
realistic low - dose equivalents. These methods provide a
powerful platform for evaluating dose—image quality
trade - offs without subjecting patients to unnecessary
scans [7]. Most simulation strategies have operated in the
sinogram domain, where projection data are artificially
degraded before reconstruction. While effective for
modeling quantum noise, such approaches often fail to
reproduce scanner - specific post - processing
characteristics, including electronic and reconstruction -
related noise correlations.

More recently, image - domain simulation models have
gained attention because they preserve the full texture of
reconstructed images while still allowing precise control
over noise characteristics. By calibrating against
phantom measurements, these models can generate
synthetic low - dose images that closely resemble real
acquisitions, capturing both noise power spectrum
features and intensity - dependent variance. For example,
machine learning has introduced a new dimension to CT
simulation. Generative adversarial networks (GANSs),
particularly CycleGAN architectures, have shown
promise in mapping standard - dose images to their low -
dose counterparts while learning complex texture
patterns directly from data [8, 9]. Unlike traditional
physics - based noise insertion, GANs can capture subtle
scanner characteristics and generate visually convincing
low - dose images that may improve the realism of
simulation pipelines. Despite this potential, it was unable
to fully implement a GAN - based framework within the
timeframe and resources available for this study.
Nevertheless, CycleGAN - based approaches represent a
promising future direction for CT dose simulation,
especially as datasets and computational resources
expand.

Within this framework, CT simulation emerges not only
as a research tool but also as a practical solution for
clinical protocol development. By validating simulation
against both phantom and patient data, it becomes
possible to define the lowest acceptable tube current
settings that maintain diagnostic confidence, thereby
supporting safe and effective lung cancer screening
practices.

2. Methods
2.1. CT data acquisition

A CIRS Inc., Norfolk, VA, USA IMRT Thorax Phantom,
Model 002LFC anthropomorphic chest phantom (see fig.
1) was scanned repeatedly on a CT scanner (GE
Revolution HD 750) at ten different tube current levels:
10, 20, 50, 75, 100, 200, 300, 500, 600, and 700 mAs. All
acquisitions were performed at 120 kVp, pitch 1.0,
collimation 40 mm, and reconstructed into 2.5 - mm
slices using filtered back projection (FBP) with the
vendor’s standard lung kernel. Repeated acquisitions at
each exposure level were performed to capture noise
variability.

In addition to phantom imaging, retrospectively selected,
fully anonymized patient chest CT datasets were
included for retrospective studies. These datasets served

13

as the testing domain for the simulation framework,
enabling generation of synthetic low - dose
reconstructions at dose levels not physically acquired.
Patient selection was limited to routine chest CT scans
without severe motion artifacts to ensure robust
simulation creations.

Flg.. 1 CIRS OOZLFC anth'rol;;o‘morp'hic' Ehesllt phantom.
2.2. Noise extraction

For stochastic noise calibration, two identical water
phantom (Fig. 2.) scans at each mAs setting were
acquired. Raw DICOM images were resampled and
converted to sinograms using a discrete Radon transform
implemented in Pycharm. Noise components were
isolated as the half - difference between paired
sinograms.

¥ e ‘7 el

F;i'g..Z. Water uniformity phant;m.

Row - wise mean subtraction (removal of the zero -
frequency/DC component) was applied within the ROI to
eliminate baseline shifts and slow system drift, ensuring
zero - mean noise and avoiding low - frequency inflation
in the noise power spectrum (NPS).

The spatial frequency distribution of noise was
characterized by calculating the 2D Fourier transform of
A. The magnitude spectrum A(f) was preserved, while
random phases ¢~U( - m,m) were substituted to simulate
spatially uncorrelated noise distributions. Synthetic noise
fields were reconstructed via inverse Fourier transform
(see equation 1) and normalized to zero mean and unit
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variance. Radial averaging of the NPS was performed to
compare frequency content across dose levels, allowing
validation of the model against measured phantom data.

Z = FY{A(f)e?} (1)
where Z is the synthesized noise field in the image
domain, F! the inverse Fourier transform operator, A(f)
the amplitude spectrum of the noise derived from the
measured noise power spectrum (NPS), and ¢ - a random
phase uniformly distributed between —r and m.

2.3. Noise modulation and image reconstruction

For each phantom or patient sinogram, synthetic noise
projections were generated by modulating the calibrated
noise field:

Sinonoisy(i:j) = sino(i,j) + Z(lv]) O-(Iu)g(l) (2)
where Ii; is the original intensity, o(Ii;) the calibrated
noise standard deviation, and g(i) detector - specific
correction factor according to detector position.

Noisy sinograms were reconstructed using FBP with the
same reconstruction kernel as the original acquisitions to
ensure comparability. Both phantom and patient
reconstructions were visually and quantitatively
compared against real low - dose CT images. Validation
metrics included lesion visibility and standard deviation
of the measured ROIs with different attenuation
coefficients.

For benchmarking, results from the sinogram - based
simulation were compared with direct phantom
acquisitions at equivalent mAs levels, and image -
domain noise insertion methods, which added Gaussian -
distributed noise post - reconstruction. This comparative
evaluation allowed assessment of the advantages of
sinogram - domain simulation in preserving realistic
noise correlations.

3. Results
3.1. Phantom evaluation

For benchmarking, we compared against direct phantom
acquisitions and a sinogram - injection baseline. In our
data, an image - domain model calibrated to the measured
2D NPS and ROI SD reproduced the mid-high -
frequency noise texture of real images within £10%,
whereas the sinogram - only approach under -
represented low - frequency power and over - attenuated
the high - frequency tail.

3.2. Standard deviation of CT noise by tissue

Across eight repeats per tissue, the simulation reproduces

the ranking of noise magnitude (lung > bone = soft tissue)

and shows variability comparable to the real acquisitions

(Fig. 3.). Median/mean ROI SDs (HU) were:

e  Lungs: real 15.54 £ 1.45 vs simulated 16.40 + 1.70
(mean A =+0.86 HU; 95% CI —0.92 to +2.64; p =
0.29, n.s.).

e  Soft tissue: real 11.10 £ 0.60 vs simulated 12.51 +
1.30 (mean A = +1.41 HU; 95% CI +0.32 to +2.50;
p=0.018).
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° Bone: real 15.42 + 1.39 vs simulated 18.16 + 1.33
(mean A = +2.75 HU; 95% CI +1.51 to +3.98; p =
0.0012).

Visually, the lung distributions overlap strongly, for soft
tissue and bone the simulated boxes are shifted upward
by ~1 -3 HU with similar IQRs, indicating a small,
consistent SD  overestimation while preserving
variability. These results show the simulation captures
both noise level and texture well enough for dose -
protocol comparisons, with a modest positive bias in
denser materials.

Standard Deviation of CT Noise by Tissue: Measured vs Simulated

25
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11 ==

Lungs Soft tissue Bone

Fig. 3. Standard deviation comparison of regular and
simulated CT scan acquisitions over different tissues.

3.3. Patient image evaluation

Noise simulation applied to patient chest CT datasets
successfully generated realistic low - dose equivalents
across all tested mAs values. At > 100 mAs, both
simulated and real reconstructions were visually
indistinguishable. At 75 mAs, simulated reconstructions
preserved parenchymal structures and remained
diagnostically acceptable. Below 50 mAs, however, both
simulated and real acquisitions exhibited excessive noise,
compromising lung malignancy visibility.

3.4. Radiologist Evaluation of Malignancy Detection

Two board - certified thoracic radiologists independently
assessed the visibility of Stage I - II lung cancer nodules
in simulated low - dose images. Each image was scored
as either “detectable” (+) or “not detectable” (—). Table 1
summarizes their assessments across dose levels.
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Table 1. Radiologist detection of Stage I lung cancer across

simulated mAs levels.

mAs level Radiologist 1 Radiologist 2
10 - -
20 = +
30 -
40 +
50
75
100
200
300
500
600
700

]|
R S R B S R o

Inter - observer agreement reflecting differences in
reader sensitivity at borderline dose levels (20-50 mAs).
Despite this variability, both radiologists agreed that
exposures of > 75 mAs consistently provided diagnostic
quality sufficient for malignancy detection.

Using the ROI standard deviation (SD in HU) as the
primary quantitative noise metric, the simulation tracked
the measured noise levels across lung, soft - tissue, and
bone equivalent attenuation materials, reproducing the
dose—noise trend seen in real data. At 75 mAs, simulated
SDs stayed within our acceptance band relative to the
measured SDs (small positive bias but preserved ranking
across tissues), and blinded reads remained concordant.
Below 75 mAs, SD rose beyond tolerance - especially in
denser materials - corresponding to degraded lesion
visibility and reduced inter - reader agreement. Taken
together, SD behavior and reader performance indicate
that 75 mAs is the lowest dose that consistently maintains
diagnostic acceptability for lung cancer screening.

4. Conclusions

The acquired image - domain simulation, calibrated on
phantom data reproduced the noise intensity of real low -
dose CT closely enough for protocol simulations to be
accurate, even without access to raw sinogram
projections. At 75 mAs, simulated ROI SDs remained
within our acceptance limits and preserved the expected
tissue ranking (lung as the most important, following up
with bone and soft tissue), with small biases - lungs +0.86
HU, soft tissue +1.41 HU, bone +2.75 HU - relative to
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measurements. Reader performance reproduced these
findings: images at > 75 mAs were consistently
diagnostic, whereas < 75 mAs produced higher SD, loss
of fine structure, and this resulted in reader disagreement.
Although 75 mAs met our technical acceptance in SD
terms, the combined evidence from reader behavior,
small SD bias in denser materials, and the need for a
safety margin in real - world variability leads us to set
100 mAs as the minimum allowable tube current for
routine screening - the practical floor to reliably preserve
lesion detectability. This workflow reduces the need for
confirmatory scans,, while future work will refine
intensity-dependent and non - stationary noise modeling,
as well as expand patient datasets to further improve CT
image simulation accuracy.
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Abstract: This retrospective study aimed to assess
radiation dose metrics in a pilot LDCT lung cancer
screening program and explore demographic predictors
of dose variability. A total of 1,014 asymptomatic
individuals aged 5070 years (mean age 60.5; 52.1%
male) underwent LDCT using a dedicated low-dose
protocol. Participants were stratified by both BMI and
weight groups to assess dose trends. The median
effective dose remained below 1 mSv for BMI groups
except for the obese group (with median dose of about
1.3 mSv). Multivariate analysis identified BMI (and
similarly patient weight) as dominant predictors of both
DLP and effective dose. These findings support the
implementation of nationwide screening and provide
dose benchmarks to guide the development of future
Lithuanian DRLs, which could be established as BMI-
stratified values to better reflect achievable performance
across diverse population groups.

Keywords: LDCT, Lung cancer, screening, DRLs,
Diagnostic reference level

1. Introduction

Lung cancer ranks third among the most common
cancers in Europe and is second in the USA, accounting
for nearly 2.2 million new cases per year. Moreover,
lung cancer remains the leading cause of cancer-related
mortality worldwide, with an estimated 1.8 million
deaths in 2020 [1]. Despite not being the most
frequently diagnosed malignancy, lung cancer carries
one of the poorest prognoses: over half of patients die
within the first year after diagnosis, and the overall 5-
year survival rate is approximately 17.8% [2].
Therefore, early detection is essential to improving
survival outcomes. Low-dose computed tomography
(LDCT) screening in high-risk populations enables
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detection of lung cancer at potentially curable stages.
Large randomized controlled trials have demonstrated
its mortality benefit: the U.S. National Lung Screening
Trial (NLST) reported approximately 20% relative
reduction in lung cancer mortality (and a 6.7%
reduction in all-cause mortality) with LDCT compared
to chest radiography [3], while the European NELSON
trial found a 24% reduction in high-risk men and 33% in
women after 10 years of follow-up [4]. These findings
have driven the adoption of LDCT screening protocols
and the initiation of national and pilot screening
programs in several countries.

Because LDCT screening targets asymptomatic
individuals, minimizing radiation exposure is a critical
consideration. All participants are exposed to ionizing
radiation, yet only a small fraction will benefit from
early cancer detection; thus, the modest mortality
reduction must be weighed against the potential risk of
radiation-induced malignancy in the screened
population [5]. This concern is emphasized by
regulatory guidance that requires specific justification
for radiological examinations in asymptomatic people
[6]. LDCT screening protocols typically involve
repeated annual or biennial examinations for those who
remain at risk, resulting in the possibility of more than
25 scans over a lifetime. This cumulative exposure
underscores the need for each screening examination to
comply with the ALARA (as low as reasonably
achievable) principle, delivering the lowest possible
radiation dose without compromising diagnostic
accuracy in nodule detection [6]. Advances in CT
technology—such as automated exposure control,
iterative reconstruction algorithms, and Al-enhanced
image reconstruction—provide a practical solution to
this challenge, enabling sub-millisievert LDCT
protocols that substantially reduce cumulative radiation
burden while preserving effective lung cancer detection.
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In this context, the present study aimed to evaluate
patient radiation dose metrics in a pilot LDCT lung
cancer screening program. Specifically, the study sought
to benchmark dose metrics against international
guidelines and assess their variability in relation to
demographic factors, including BMI, weight, gender,
and age.

2. Methods

This retrospective study analyzed data from 1,014
asymptomatic adults enrolled in a pilot low-dose
computed tomography (LDCT) lung cancer screening
program at Vilnius University Hospital Santaros
Klinikos between 26 September 2024 and 14 February
2025, all of whom met the program’s eligibility criteria.
At the time of LDCT examination, demographic (age,
gender) and anthropometric (weight, height) data were
collected, and body mass index (BMI) was calculated as
weight in kilograms divided by height in meters squared
(kg/m?).

All LDCT examinations were performed on a GE
Revolution HD 64-slice CT scanner (2020) using a low-
dose protocol developed in accordance with the
recommendations, protocol guidelines, and technical
standards of international societies, including the
American Association of Physicists in  Medicine
(AAPM) [7], the European Society of Thoracic Imaging
(ESTI) [8], and the American College of
Radiology/Society of Thoracic Radiology [9]. The
protocol was optimized to ensure participant radiation
exposure remained within international
recommendations while maintaining sufficient image
quality for diagnostic purposes. The dose parameters
were kept below the following targets in a standard-
sized participant: an effective doses below 1 mSv, CT
dose index (CTDIvol) below 3 mGy, and dose—length
product (DLP) below 75 mGy-cm.

Low-dose chest CT scans were acquired without
intravenous or oral contrast. Participants were
positioned supine with arms raised above the head when
feasible, and each scan was acquired in a single breath-
hold at full inspiration to minimize motion artifacts. A
standardized low-dose spiral protocol was applied,
covering the entire lung field from apices to bases, with
acquisition parameters including a tube voltage of 100
kVp, automatic tube current modulation (GE Smart
mA), tube rotation time of 0.4 s, pitch factor of 1.38,
slice thickness of 0.625 mm, and collimation width of
40 mm. Standard (body) and lung-specific
reconstruction filters were used.

Radiation dose metrics, including CTDIvol (mGy), DLP
(mGy-cm), and effective dose (mSv; calculated as DLP
x 0.014 mSv-mGy'-cm™), were extracted from the CT
dose report. Participants were stratified by BMI (<18.5,
18.5-24.9, 25.0-29.9, >30.0 kg/m?) and weight (<65,
65-84.9, 85-104.9, >105 kg), with dose metrics
summarized as median and interquartile range (IQR)
within each category. Gender- and age-based subgroups
were also compared.

Statistical analyses were conducted using R version
4.5.1 (R Foundation for Statistical Computing, Vienna,
Austria). Continuous variables were reported as median,
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and categorical variables as counts and percentages.
Spearman’s rank correlation coefficient (p) was used to
assess the association between BMI and weight, with p
> 0.70 indicating potential collinearity. To avoid
multicollinearity, BMI and weight were modeled
separately, and variance inflation factors (VIF) were
calculated for all predictors. Multiple linear regression
models were developed for each dose metric (CTDIvol,
DLP, effective dose), adjusting for age and gender.
Continuous variables were standardized (z-scores) to
enable direct comparison of effect sizes, reported as
standardized regression coefficients (B) with 95%
confidence intervals (CIs) and p-values. For each
outcome, two models—one including BMI and one
including weight—were compared using adjusted R2
Akaike Information Criterion (AIC), and Bayesian
Information Criterion (BIC). Statistical significance was
defined as a two-tailed p < 0.05.

3. Results

In total, 1,014 participants underwent low-dose
computed tomography (LDCT) examinations as part of
the pilot lung cancer screening program. The cohort
consisted of 528 males (52.1%) and 486 females
(47.9%), with a mean age of 60.5 + 5.2 years (Table 1).
Among them, 21.4% were active smokers, 78.4% were
non-smokers, and 0.2% had an unknown smoking
status. For current smokers, the mean cumulative
smoking exposure for traditional tobacco users was
23.63 £ 16.50 pack-years and for e-cigarette users, the
mean duration was 4.5 + 4.2 years.

Table 1. Baseline demographic characteristics of the study

opulation

Metric/Parameter Value

Number of participants 1014

Sex—male/female (%) 528 (52.1%)/486 (47.9%)
Age, years (mean £ SD) 60.5+5.2

Smoking status—yes/no/unknown 217 (21.4%)/795 (78.4%)/
(%) 2 (0.2%)

Smoking history (current smokers)

r];lrca:ritliogzli)l)tobacco (pack-years, 2363 % 16.50
E-cigarettes (years, mean + SD) 45+42

Median CTDIvol, DLP, and effective dose increased
with higher BMI and weight categories (Figure 1). For
BMI, median CTDIvol ranged from 0.56 mGy in
underweight to 2.32 mGy in obese participants, with
corresponding increases in DLP (from 24.02 to 86.11
mGy-cm) and effective dose (from 0.34 to 1.21 mSv).
In weight-based stratification, the same trend was
observed, ranging from 0.59 mGy (< 65 kg) to 3.23
mGy (> 105 kg) for CTDIvol (Table 2). The highest
recorded effective dose (2.7 mSv) was observed in the
heaviest weight group. Males had higher median doses
than females (CTDIvol: 1.66 vs 0.91 mGy; DLP: 66.10
vs 35.91 mGy-cm), reflecting their greater median body
mass (90 kg vs. 75 kg). Across age groups, dose metrics
were relatively stable, with medians ranging between
1.12 and 1.39 mGy for CTDIvol (Table 2).
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Table 2. Radiation dose metrics across both BMI and weight categories

Median Median CTDIvol (mGy) DLP (mGy-cm) effective dose (mSv)
Weight (kg) | Height (cm) | Median | Max | Median ‘ Max Median | Max

BMI Categories

Underweight 52 170 0.56 1.2 24.02 53.3 0.34 0.7
normal weight 67 170 0.72 1.8 30.22 69.3 0.42 1.0
Overweight 82 173 1.25 3.0 49.79 130.0 0.70 1.8
Obese 100 172 2.32 5.0 86.11 191.7 1.21 2.7
Weight Categories

<65 60 164 0.59 1.3 24.82 51.2 0.35 0.7
65-75 70 168 0.81 1.6 33.55 63.7 0.47 0.9
75-85 80 170 1.15 2.6 46.28 92.9 0.65 1.3
85-95 90 176 1.64 3.8 63.38 122.6 0.89 1.7
95-105 100 180 2.28 4.0 86.14 1454 1.21 2.0
>105 115 182 3.23 5.0 121.06 191.7 1.69 2.7

A Spearman’s correlation analysis revealed a strong
positive correlation between BMI and body weight (p =
0.836, p < 0.0001), exceeding the pre-defined
collinearity threshold of 0.70. Consequently, BMI and
weight were not included in the same regression
models. Variance inflation factors (VIFs) for the
remaining predictors (BMI, age, gender) were all below
1.05, indicating no further collinearity concerns.
Multiple linear regression analyses with standardized
coefficients were performed to identify the relative
contributions of BMI, gender, and age to each dose
metric (CTDIvol, DLP, and effective dose). In BMI-
based models (adjusted for age and gender), BMI
emerged as the dominant predictor of CTDIvol (B =
0.792), DLP (B = 0.759), and effective dose ( = 0.759),
followed by gender (B = 0.65-0.75). Age showed a
minimal negative effect (B =~ —0.04). Model fit was high
across outcomes (adjusted R? of 0.767 and 0.779 for
Effective dose and CTDIvol respectively).

When weight replaced BMI, its influence on dose
metrics increased further (B = 0.882-0.900), and the
gender effect diminished substantially (B ~ —0.03 to
+0.08), suggesting that weight captures much of the
gender-related variation in dose. Weight-based models
consistently achieved higher adjusted R? values (0.812
and 0.798 for Effective dose and CTDIvol) and lower
AIC/BIC scores than BMI-based models, indicating
slightly better predictive performance. Across all
models, variance inflation factors were close to 1.0,
confirming minimal residual multicollinearity.

4. Discussion

The success of a lung screening program relies on
selecting an appropriate target population, ensuring test
accuracy, determining optimal screening intervals, and
balancing benefits against costs and potential harms
[10]. In lung cancer screening, radiation exposure is a
key concern due to its potential risk of radiation-induced
cancer. Evidence from several studies indicates that
both healthcare providers and the general public often
have limited awareness of the radiation risks associated
with medical imaging, which can lead to a biased
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perception of the benefit-risk balance of radiological
examinations [11]. Over the past five years, low-dose
CT (LDCT) has gained wider use for lung cancer
screening, highlighting the need to assess the radiation
doses incurred by this asymptomatic population.

The American College of Radiology (ACR), Society of
Thoracic Radiology (STR), and the European Society of
Thoracic Imaging (ESTI) have published practice
guidelines and technical standards to assist radiologists
and medical physicists in developing local CT lung
cancer screening protocols [8-9]. Guidelines from these
bodies provide target dose levels for LDCT screening to
ensure patient safety. In the United States, the American
College of Radiology (ACR) specify that lung cancer
screening CT protocols should use a volumetric CT
dose index (CTDIvol) of <3.0 mGy for a standard-sized
adult (~170 cm, 70 kg), corresponding to an effective
dose on the order of 1 mSv or less [9]. Our program’s
median CTDIvol for average-weight participants
(~1 mGy) and median effective dose (~0.6—0.7 mSv)
are well below the recommended low-dose limits [9].
Even the upper end of our dose range for standard-sized
individuals was below 3 mGy, reflecting appropriate
adherence to low-dose techniques.

In a European context, similar dose standards have been
advocated. The European Society of Thoracic Imaging
(ESTI), under the ESR, has issued technical guidance
for lung screening CT aiming for extremely low doses
[8]. Their recommendations call for using modern
multi-detector CT scanners (64-row or more) with
patient-size—adjusted CTDIvol targets of roughly
0.4 mGy for small patients (<50 kg), 0.8 mGy for
medium (50-80 kg), and 1.6 mGy for large patients
(>80 kg) — with appropriate tube current modulation and
iterative reconstruction — such that the resulting
effective dose for an average patient is ~0.7 mSv. Our
observed doses are in line with this approach: for
instance, medium-weight participants in our study
(=70 kg) had median CTDIvol around 1.15 mGy and
effective dose around 0.65 mSv, matching the ESTI
target range. Our heaviest patients (BMI >30 or weight
>80 kg) had median CTDIvol in the ~2—-3 mGy range,
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which is higher than the ESTI’s 1.6 mGy guidance
scaled for larger body size. However, the overall dose
distribution in our pilot compares favorably with
international reference levels.

When benchmarked against published dose registries
and trials, our program’s doses also perform favorably.
For example, the UK’s Yorkshire Lung Screening Trial
reported a median CTDIvol of 1.1 mGy and median
effective dose of 1.15 mSv across 3,521 LDCT scans
[12]. For standard-weight participants in that trial (60—
80 kg), the median dose was ~1.0 mGy (=0.97 mSv),
virtually identical to what we achieved in that weight
group. This suggests that our protocol delivers low-dose
levels comparable to other international screening
efforts. Likewise, the National Lung Screening Trial
(NLST) in the U.S., which used earlier-generation
scanners, reported an average effective dose of ~1.5—
2 mSv per LDCT [3]. The fact that our median effective
dose is around half of that (~0.7 mSv) reflects
advancements in CT technology and aggressive dose
optimization since the time of NLST. In essence, our
pilot program’s doses are well within the range deemed
acceptable by international standards (ACR/ESTI) and
are lower than or comparable to those in major lung
screening trials. This benchmarking confirms that
participants in our program are receiving minimal
radiation exposure by current international norms. It
also provides an objective reference for quality
assurance to be used by the ongoing Lithuanian national
screening programs.

Furthermore, the analysis revealed that patient
demographic factors, particularly weight and BMI, have
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a strong influence on radiation dose in LDCT screening.
In direct model comparisons, weight consistently
outperformed BMI for predicting CTDIvol, DLP, and
effective dose, explaining 2—4.5% more variance and
yielding better model fit statistics (Figure 2). While
BMI adjusts for height and may be advantageous in
research settings, weight alone provided a stronger and
more parsimonious predictor in this screening
population. Given its ease of measurement and superior
predictive performance, weight may be preferable for
rapid, practical dose stratification in clinical settings.
This influence of body size on doses is biologically and
technically expected: larger patients attenuate more X-
rays and thus require higher tube currents and other
protocol adjustments to achieve sufficient image
quality, resulting in higher dose indices. In our cohort,
dose metrics increased markedly with rising BMI
categories. For example, the median CTDIvol for
underweight participants (<18.5 kg/m?) was only
~0.6 mGy, whereas for obese participants (BMI >30) it
was about 2.3 mGy (nearly four times higher). A similar
trend was seen with effective dose, which rose from
~0.3-0.4 mSv in underweight individuals to ~1.2 mSv
or more in the obese group. Body weight showed a
near-linear correlation with CTDIvol (and DLP) in our
data. This finding is consistent with reports from larger
studies: Iball et al. note a very strong correlation
between patient weight and CTDIvol (Spearman r
~0.91) in a UK lung screening cohort, with dose
escalating steadily as weight increases [12]. Our results
mirror this pattern, confirming that patient size is the
dominant driver of dose variation in LDCT exams.
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Fig. 1. Effective dose distribution across BMI, weight, age, and gender groups.
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Interestingly, some differences were observed in dose
by sex and age, but these appear to be largely secondary
to body habitus. Male participants in our study had a
higher median dose (CTDIvol and DLP) than females
(e.g. median effective dose ~0.9 mSv in men vs
~0.5mSv in women) which correlates with men’s
higher average weight (median ~90 kg for males vs
75 kg for females in our sample). After accounting for
weight, sex itself was not a significant independent
predictor of dose in our data. Thus, gender differences
in dose are primarily a reflection of size differences
(men typically being larger) rather than intrinsic sex-
related factors. As for age, no strong direct correlation
between age and dose was found after controlling for
BMI. Older participants (e.g. age >65) in our cohort had
slightly higher median doses than younger participants,
but this was confounded by the tendency for older
individuals to have different body composition or for
technologists to use slightly more conservative settings
in frail older patients.

0,82

BMI

0,81 .
Weight

0,8
0,79

0,78

Adjusted R2

0,77

0,76

0,75
CTDlvol Effective Dose

Fig. 2. Adjusted R? Comparison of weight vs BMI models
across dose metrics.

Radiation protection principles are foundational in the
context of a screening program that may expose a large
number of healthy individuals to X-rays. Three key
principles — justification, optimization, and dose
limitation — guide the use of ionizing radiation in
medicine. In lung cancer screening, multiple
randomized trials (such as NLST, NELSON, etc.) have
demonstrated a mortality benefit, thereby justifying
LDCT screening in appropriately selected high-risk
populations. However, this justification critically
depends on using low-dose techniques. If the dose per
scan were as high as a standard diagnostic chest CT
(~7 mSv), the risk of radiation-induced cancers would
increase to an unacceptable level. Model-based analyses
have pointed out that high doses could negate the life-
saving benefit of screening by inducing cancers in a
fraction of participants [13]. Fortunately, our program
adheres to strict low-dose methods (median ~0.7 mSv
per scan), keeping the risk per exam extremely low.
Using the International Commission on Radiological
Protection (ICRP) risk coefficients, a single 1 mSv
LDCT scan confers an estimated lifetime attributable
cancer incidence of approximately 0.01% (1 in 10,000),
and fatal cancer mortality risk of around 0.005% (1 in
20,000), highlighting that the radiation risk is negligible
in the context of benefits from screening [14]. This tiny
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risk is far outweighed by the potential to prevent an
early lung cancer death in roughly 1 in a few hundred
high-risk individuals screened. Thus, the benefit-risk
analysis for our screening remains highly favorable — a
point underscored by recent analyses showing benefit-
to-radiation-risk ratios on the order of 10:1 to 20:1 in
modern screening cohorts [15].

5. Conclusions

The findings of this pilot low-dose CT lung cancer
screening program confirm that protocol optimization
can achieve sub-millisievert doses across a broad BMI
range without compromising image quality. Median
effective doses were <1 mSv for underweight, normal-
weight, and overweight participants (averaging
0.65 mSv for participants weighing 70 + 5 kg), and <1.3
mSyv for obese individuals, with standard-size patient
values well below ACR/AAPM thresholds and closely
aligned with ESTI targets. Multivariate analysis
identified both BMI and weight as dominant predictors
of dose metrics, with a strong correlation between them
(p = 0.836). While both measures showed comparable
predictive value, BMI provides a standardized, height-
adjusted metric that facilitates comparison across
individuals. Nevertheless, weight remains a practical
alternative when rapid assessment is required and height
data are unavailable. The dose benchmarks established
in this work provide a robust foundation for the safe
nationwide rollout of LDCT screening and support the
establishment of BMlI-stratified Lithuanian DRLs,
setting a new standard for radiation protection and
protocol optimization in population-based screening.
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Abstract: This study investigated the effect of 1 MeV
electron irradiation of sodium chloride on the properties
of antitumor drugs dissolved in it: doxorubicin
(anthracycline class) or conium (alkaloid class). The
absorbed radiation dose ranged from 2 to 90 kGy.
Irradiation induced notable changes in the optical
absorption spectra of the drug solutions acress IR, visible
and UV ranges, as well as an increase in cytostatic
activity. The cytostaticity of the drug solution is
determined by the energetic interaction of the drug itself
and the irradiated solvent.

conium, sodium chloride,
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1. Introduction

The use of antitumor drugs is associated with a number
of significant problems. These include nonspecific action
and high toxicity of antitumor drugs toward healthy
organs and tissues. In addition, a serious obstacle to the
therapeutic effect of drug therapy is the resistance of
malignant neoplasms to cytostatics [1,2]. Addressing
these limitations requires the design of new materials, the
investigation of relationships between physicochemical
and cytostatic properties, and ultimately the development
of more effective and less toxic antitumor drugs. One of
the promising methods for modifying water-soluble
antitumor drugs was introduced by researchers at Taras
Shevchenko National University of Kyiv [3, 4], which is
based on the use of irradiation with high-energy (1 or 2
MeV) electrons of sodium chloride for infusions before
dissolving antitumor drugs in it. The aim of the work is
to study the mechanisms by which high-energy electron
irradiation of sodium chloride influences the optical
spectra and cytostatic activity of doxorubicin or conium,
in order to determine the possibility of modifying
existing antitumor drugs without the use of foreign
nanoimpurities.
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2. Materials and experimental methods

The absorption spectra of doxorubicin (Pharmacia Italia
SpA, Italy) and conium (Weleda, Germany) dissolved in
sodium chloride solution for infusions (Yuria Pharm,
Ukraine) were studied. Conium contains alkaloids - coniine,
N-methylconiine,  y-coniine,  conhydrin and
pseudoconhydrin.

The solvent was irradiated with electrons with an energy of
1 MeV using a resonant linear electron accelerator (Argus).
Infrared (IR) absorption spectra were recorded on a Bruker
IFS-66 spectrometer, absorption spectra in the visible and
ultraviolet (UV) ranges were recorded on a Shimadzu UV-
260 spectrophotometer. The absorbed dose (I) by the solvent
ranged from 2 to 90 kGy. Luminescence was recorded on a
CaryEclipse spectrofluorometer (Varian). The cytostatic
activity of doxorubicin was determined using Lewis lung
carcinoma cells (LLC). The number of living cells in the
wells after 24 hours of incubation was determined using the
MTT test using a plate reader at a wavelength of 545 nm.
[3]. All samples for recording IR spectra of conium were
prepared in KBr tablets. IR spectra were recorded using a
Bruker IFS 66 IR Fourier spectrometer in transmission
geometry. Numerical analysis of the obtained results
andmodeling of optical spectra as linear combinations of
distribution functions was carried out using Origin 2021
program.

3. Experimental results and their analysis
3.1. Dependences of optical spectra on the radiation dose

The effect of preliminary electron irradiation of sodium
chloride for infusions on the optical and cytostatic properties
of doxorubicin and conium dissolved in it was investigated.
The results of the Fourier transform infrared (FTIR)
absorption spectra of doxorubicin after its dissolution in
sodium chloride for infusions, previously irradiated with
high-energy electrons in the UV range, are shown in Fig. 1.
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Fig. 1. FTIR absorption spectra of doxorubicin in the 3800-3030

cm! range: curve 1 at (I =0kGy), curve 2 at (I = 10 kGy), curve
3 at (I =40 kGy), curve 4 at (I = 80 kGy)

Analysis of the spectra Fig. 1 revealed correspondence
between the location of the absorption maxima and the
values of the corresponding normal vibration of a certain
molecular group. When comparing the positions of the
peaks responsible for the vibrations of the same groups of
atoms of samples of solutions with irradiation at different
doses and unirradiated sodium chloride, a shift, splitting and
sometimes attenuation of some absorption maxima were
found. Such effects can be due to specific interactions
between molecular groups with radiation-induced
bubstones and free radicals . Complete attenuation of the
maxima in comparison with the control sample occurs due
to a change in the conformational characteristics of
molecules localized in those molecular groups whose
vibrations correspond to the frequencies that disappear.
Since [R-active vibrations are detected only when
accompanied by changes in the molecular dipole moment,
disappearance of a spectral maximum indicates that the
corresponding vibration no longer contributes to the net
dipole moment.

A(Arb,Unit)

2(’)0 5(’)0 6(’)0
Fig. 2. Optical absorption spectra of doxorubicin solution in the
UV and visible range, curve 1 at (I=0 kGy), curve 2 at (I=10

kGy), curve 3 at (I =40 kGy), curve 4 at (I = 80 kGy)

A(nm)

The dependence of the optical absorption spectra of a
doxorubicin solution in the UV and visible ranges on the
absorbed dose was investigated. Analysis of the obtained
spectra (Fig. 2) indicates a shift of the maxima and sharp
changes in their intensities, depending on the dose of
solvent irradiation. These spectral modifications may be
attributed to conformational rearrangements of drug
molecules induced by interactions with bubstones and
their clusters in the irradiated solvent. While the
behavior of individual bubstones has been studied [4,5],
cluster formation remains less understood.The
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complications of such a problem are, on the one hand,
caused by the nonlinear nature of the equations
describing the electric field of the double electric layer of
a bubston. Also, there is not enough information about
the polarization and deformation-force characteristics of
individual bubstons and their clusters - during the
coagulation of bubstons, their spherical symmetry is
broken, the fractal dimension of coagulants depends on
the mechanisms of cluster growth [4, 5, 6]. For
comparison with the drug of the anthracycline class
(doxorubicin), a study of the effect of the irradiated solvent
on the drug of the alkaloid class (conium) was conducted.
The results of the studies are illustrated in the dependencies
Fig. 3.
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Fig. 3. Dependence of IR spectra of conium on dose I: curve 1
was obtained at I =0 kGy, 2 at [ =5 kGy, 3 at [ = 10 kGy

Defined that the addition of irradiated solvent (Fig. 3) at
different doses of absorbed electron irradiation affects the
position of the maxima of the conium absorption bands,
namely, a shift of the 1120 cm™ line (curve 1) to the position
0f 1106 cm™ (curve 2), and then to 1089 cm! (curve 3). This
effect of shifting the conium absorption lines in the
vibrational region of the IR spectrum is evidence of a change
in its conformational state caused by the interaction with
bubstones (their clusters) present in the irradiated solvent.

3.2 Effect of electron irradiation on cytostaticity

The cytostatic part of the studies was carried out according
to the standardized methodology [3, 4]. Special studies were
conducted to determine the effect of pre-irradiation of
sodium chloride on the antitumor properties of doxorubicin
or conium dissolved in it. Experiments were conducted in
vitro using the LLC cell line. During the studies, tumor cells
were plated in the wells of a 96-well plate in 0.1 ml of
nutrient medium (2x103 cells/ml) and incubated overnight.
After that, drugs were added to the cells in 0.1 ml of fresh
medium in a wide range of concentrations, which were
progressively reduced. Fresh medium was added to the
control wells in the same volume without the test agent. The
number of living cells in the wells after 24 hours of
incubation was determined using the MTT test [3, 4]. The
results of studies of the effect of RF irradiation on the
cytotoxic/cytostatic effect of doxorubicin are illustrated in
Fig. 4, which shows the dependences of the percentage of
the number (N) of living LLC cells after 24-hour incubation
of a doxorubicin solution at its various concentrations (X).
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Fig. 4. Cytostatic activity of doxorubicin against LLC cells when
dissolved in sodium chloride: curve 1 — irradiated solvent (40
kGy), curve 2 — non-irradiated solvent, curve 3 — difference
between irradiated and non-irradiated samples.

In Fig. 4, curve (1) illustrates the percentage of live LLC
cells after incubation with doxorubicin dissolved in
irradiated (I = 40 kGy) sodium chloride at different
concentrations of doxorubicin, (2) is the percentage of
live cells for the non-irradiated solvent, (3) is the
difference between graphs (2) and (1). The dependences
in Fig. 4 indicate that the effect of the irradiated solvent
at a fixed I essentially depends on the concentration of
doxorubicin. Thus, it can be concluded that the cytostatic
activity of doxorubicin dissolved in the irradiated solvent
is not the sum of the cytostatic activity of doxorubicin
dissolved in non-irradiated sodium chloride and the
cytostatic activity of the irradiated solvent.
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Fig. 5. Effect of sodium chloride irradiation on LLC cell survival.
(0) baseline before solvent addition; (1) non-irradiated solvent; (2)
irradiated solvent I =40 kGy; (3) irradiated solvent I = 80 kGy.

Figure 5 shows the survival of LLC tumor cells in
medium supplemented with solvent irradiated no more
than 14 days prior to the experiments. The results showed
clear dose-dependent effects: sample 1 (0 kGy), sample
2 (40 kGy), and sample 3 (80 kGy). Thus, when using
pre-irradiated sodium chloride as a solvent for
doxorubicin and conium, the resulting solutions acquire
new optical and cytostatic properties. The spectra of the
extinction range of sodium chloride in the range of 190 -
1000 nm were studied during the third week after its
irradiation with high-energy electrons as measurements
during one week were reported elsewhere [3, 7]. To
obtain a description of the exact numerical results, the
correlation coefficients between the extinction spectra
were determined at the dose values 1; = 0 kGy, I, = 10
kGy, Iz = 40 kGy, 14 = 80 kGy. It should be noted that
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these coefficients reflect the degree of similarity between
the optical absorption spectra at different doses, but do
not imply the existence of a direct functional relationship.

3.3. Effect of electron irradiation on fluorescence

To obtain additional information about the properties of
the force centers of sodium chloride, the fluorescence of
sodium chloride and the effect of electron irradiation on
it were investigated. In the study of fluorescence, the
irradiation dose was 0, 10, 40 and 80 kGy; the
wavelength of the exciting light was 260 nm. The
fluorescence spectra are presented in Fig. 6.

Fluorescence intensity(Arb.Unit.)

T T T
300 400 5(nm) 500

Fig. 6. Fluorescence spectrum of the solvent, I = 0 kGy

An approximation of the fluorescence spectra of sodium
chloride at different irradiation doses was carried out, the
results of which are illustrated in Fig. 7. The dependences
of the fluorescence spectra were approximated by linear
combinations of sums of Gaussian distributions using
Origin 2021 program.

2,(10)

3(’)0 4(’)0 A(nm) 560
Fig. 7. Dependences of the approximation of the fluorescence
spectra of sodium chloride on the value of the absorbed dose of

electron irradiation

Figure 7 presents the approximated fluorescence spectra
of sodium chloride at different irradiation doses: curve 1
(0 kGy), curve 2 (10 kGy), curve 3 (40 kGy), and curve
4 (80 kGy). The values of A; (I) significantly depend on 1.
The spectrum at I = 0 kGy has three emission bands, and
the spectra at I = 10, 40, 80 kGy contain four bands. The
structures of the fluorescence spectra of nanoparticles in
a liquid medium are determined by the characteristics of
the power energy center [8]. Therefore, irradiation of
sodium chloride with high-energy electrons generates
long-lived power fluorescence centers, the parameters of
which depend on the magnitude of the absorbed dose.
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4. Conclusions

The influence of high-energy electron irradiation (1 MeV,
2-90 kGy) of sodium chloride infusion solutions on the
optical spectra and cytostatic activity of two antitumor
drugs—doxorubicin (anthracycline class) and conium
(alkaloid class)—was investigated. The cytostatic activity of
antitumor drugs was determined using Lewis lung
carcinoma cells (LLC).

The absorption spectra of doxorubicin solution in the IR
region of the spectrum were characterized by non-
monotonicity of the dependence of the ratio of the
amplitudes of high-frequency and low-frequency maxima
on the absorbed dose. The effect was explained within the
framework of the bubstone model by coagulation
(clusterization) of bubstones, which is realized at high
values of bubstone concentration.

The absorbed dose of sodium chloride irradiation
significantly influenced the spectral characteristics of
doxorubicin in the UV, visible, and IR ranges. Specifically,
absorption decreased in the 175-250 nm region but
increased in the 250-600 nm region compared with
solutions prepared in non-irradiated solvent.

For conium solutions, irradiated sodium chloride induced
shifts in the IR absorption bands, with the 1120 cm™ line
moving to 1106 cm™ and then to 1089 cm™. These spectral
modifications persisted for up to two weeks after irradiation
at 2.5 kGy.A correlation was established between the optical
properties and cytostatic activity of doxorubicin dissolved in
irradiated sodium chloride, demonstrating that solvent pre-
irradiation alters both the spectral behavior and biological
effectiveness of the drug.
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Abstract: This investigation covers a randomized study,
which compares Planning Target Volume (PTV)
differences between the three strategies of radiotherapy
treatment for a lung tumour. All patients’ treatment plans
were grouped into three -categories: SBRT with
respiratory control and non-SBRT with and without
breath monitoring. The research outcome shows a
noticeable tendency that breath control minimizes PTV.
Additionally, the SBRT technique stands out as a
significant method, which could be applied for difficult
malignancies.

Keywords: lung tumour, stereotactic radiotherapy, breath
monitoring, planning target volume.

1. Introduction

SBRT of the lungs is implemented with Image-Guided
Radiation Therapy (IGRT) real-time follow-up, which
can achieve more precise dose delivery to the lung’s
target and reduce side effects on surrounding normal
tissues compared with the conventional radiotherapy
approach. Although variations in tumour position may
occur due to patient respiration, in addition to potential
geometric positioning errors, inter-fractional organ
motion, and machine accuracy uncertainties, these
factors must be rigorously accounted for in treatment
planning and PTV delineation.

2. Characteristics of lung tumour treatment plans

Compared with other organs, the lungs exhibit
continuous motion resulting from both respiratory and
cardiac activity, thereby complicating precise tumour
delineation and accurate radiation dose delivery.

Radiotherapy planning begins from diagnostic computed
tomography (CT) images (generally with a thickness of
2.5 mm per slice). The Gross Tumour Volume (GTV)
delineates the visible tumour and involved lymph nodes.
The Clinical Target Volume (CTV), which accounts for
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microscopic disease spread, is generally considered equal
to the GTV in lung SBRT because early-stage tumours
rarely extend beyond the visible margins [1]. The Internal
Target Volume (ITV) encompasses tumour motion
during respiration, while the PTV is obtained by
expanding the ITV or CTV with a 3-5 mm margin to
account for setup inaccuracies, organ motion, and
machine-related uncertainties.

However, SBRT demonstrates the highest efficacy in
tumours measuring up to approximately 4-5 cm in
diameter. Additionally, three-dimensional CT (3D-CT)
alone may not adequately characterize moving targets in
the lungs. Consequently, four-dimensional CT (4D-CT)
is considered the most appropriate imaging modality for
SBRT, as it acquires multiple phases of the respiratory
cycle and enables assessment of tumour internal motion.

3. Uncertainties in Tumour Volume-Dose
Fractionation during IGRT

Although stereotactic radiotherapy is regarded as a high-
precision modality, radiation intended for the lung
tumour may also be delivered to surrounding tissues.
This may lead to underdosage in successive fractions or
unintended dose escalation when tumour localization is
compromised by respiratory motion.

To address these challenges, various motion management
strategies are applied in SBRT. Active gating can be
subdivided into phase-based and amplitude-based
approaches. In phase gating, radiation is delivered during
a predefined segment of the respiratory cycle, typically at
end-exhalation [2]. This technique, however, is highly
sensitive to irregular breathing patterns, which may
interrupt dose delivery until regular respiration resumes.
In amplitude gating, radiation is administered when the
respiratory signal falls within a predefined amplitude
range, thereby creating a ‘window of delivery’ [3].
When the target tumour is localized during the expiratory
phase, the radiation delivery window can be selected
from alternative intervals. Tumour position is stabilized,
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and irradiation of healthy tissues is reduced, although
treatment may still be compromised by irregular
breathing. Even with gating, a margin of approximately
3 mm is recommended to compensate for residual
uncertainties.

For patients unable to perform breath-hold, passive
tumour tracking is recommended. Fiducial markers
inserted or implanted close to the target during the
bronchoscopy allow continuous motion tracking.
According to Tanaka H., Ono T., Ueda K., and Karita M.,
et al., irradiation can be delivered by tracking these
markers, which must be detected within a predefined
region, referred to as the gating box (a three-dimensional
sphere) [6]. In this approach, radiation is delivered at the
end of exhalation, when the tumour position is relatively
stable. However, due to irregular breathing patterns, a
larger margin of 3—5 mm is typically required to ensure
full target coverage.

The lowest-precision SBRT approach is free-breathing,
in which radiation is delivered continuously throughout
the entire respiratory cycle. Although technically
simpler, this method requires larger PTV margins—often
5 mm or more—to compensate for full tumour motion
[7], thereby increasing the dose to surrounding healthy
tissues. Studies have reported that PTV may expand by
up to 35-45% under free breathing compared with gated
or tracking techniques [5].

4. Methods

For this quantitative study, radiotherapy plans,
performed with a TrueBeam STx linear accelerator, were
analysed. Three different groups of lung radiotherapy
planning methods were evaluated. The first comprised
SBTR with respiratory motion, accomplished with a 4D-
CT and amplitude-based active respiratory gating. The
other two groups consisted of conventional treatment
plans based on 3D-CT. One employed respiratory
management with surface imaging or infrared markers to
monitor chest motion and deliver treatment during the
exhalation phase, while the other was performed under
free-breathing conditions.

Table 1. PTV data from different lung radiation therapy
methods

Radiotherapy method

PTV, cm?
73.8
62.7
60.4
58.3
81.6
66.7
294.3
138.2
302.8
252.2
121.6
147.7
177.8
118.5

1885.2
209.6
322.0
760.6

SBRT

Non-SBRT with respiratory
control

Non-SBRT without
respiratory control
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Each group comprised six radiotherapy plans for the
treatment of right lung tumour. Treatment planning was
performed using Varian Eclipse 16.1, which enables
target delineation and assessment of organs at risk
(OAR), including the lungs, heart, oesophagus, spinal
cord, and bones. This study compared PTV differences
among the three groups (Table 1). Data visualization was
conducted using RStudio software.

4.1 Research limitations

This study reviews random pulmonary radiotherapy
plans for right lung tumour, therefore, direct case-by-case
comparison across radiotherapy methods was not
feasible. As the target volumes differed between plan
approaches, an abstract comparison of PTV among the
three methods was performed.

5. Results
5.1. PTV range in SBRT

Considering the PTV values of stereotactic radiotherapy
(SR, Fig. 1) in the box plot, it can be observed that in
random cases, PTV values range from 58 to 82 cm?. The
mean PTV of approximately 67.25 cm® shows minimal
deviation from the median value of 64 cm?®.

plot of PTV by ic radit apy

80
1

70

PTV, cm”

65
1

60

SR radiotherapy method

Fig. 1. PTV range variations in lung stereotactic RT

Boxplot of PTV by non-stereotactic radiotherapy with breathing control

PTV, em’
200 250 300
1 1 1

150
I

NSRB radiotherapy method
Fig. 2. PTV range in lung non-SBRT with respiratory
monitoring

5.2. PTV range in non-SBRT method with respiratory
control

Figure 2, representing the lung non-SBRT method with
respiratory monitoring (NSRB), demonstrates a tall box
plot, indicating a wide range of target volumes (121.6 -
302.8 cm®). The mean PTV was equal to 209.5 cm?, with
an approximate 200 cm® median. To sum up the collected
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data, no exceptions with very low or high PTV were
observed in the dataset.

This technique may be advantageous when tumour
diameter exceeds the size typically suitable for SBRT
(>4-5 cm), particularly when the lesion is located in the
lower lung regions near critical organs. Respiratory
control minimizes target motion and thereby limits the
radiation dose to organs at risk and soft tissues.

5.3. PTV range in non-SBRT method without
respiratory control

In most collected cases of lung radiotherapy without
respiratory control (NSR in Fig. 3), the delineated PTV
ranged from 120 to 760 cm®. However, the collected data
has an extreme outlier 1885.2 cm® PTV substantially
inflated the mean PTV to 578.95 cm?®. Excluding this
outlier reduced the mean target volume to 317.7 cm?, a
value more consistent with the median PTV of ~250 cm?
for non-stereotactic treatment without breathing control.

Boxplot of PTV by non-stereotactic radiotherapy without breathing control

°
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PTV, em”

500
I

—_—

NSR radiotherapy method

Fig. 3. PTV range in lung non-SBRT without breathing
monitoring

This outlier case (Fig. 4) involved a tumour with a
diameter exceeding 5 cm, rendering it unsuitable for
stereotactic treatment. Moreover, respiratory control was
not required, both due to the tumour’s size and its
localization in the superior lobe, where respiratory
motion exerts minimal influence on tumour
displacement.

=4 u
= Gantry
rotation

Fig. 4. Exceptional case of lung radiotherapy without breathing
control (with 1885.2 cm® PTV delineation)
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6. Discussion

The boxplot of different lung radiotherapy methods (Fig.
5) demonstrates substantial contrasts in PTV values. The
lung SBRT method PTV values do not overlap with other
non-SBRT methods. SBRT achieved a threefold
reduction in PTV (around 67.9%) compared with non-
SBRT with respiratory control and an 8.6-fold reduction
(—88.4%) relative to non-SBRT without respiratory
monitoring (excluding the outlier). Although the PTV
distributions for NSR and NSRB overlapped, the mean
PTV of NSRB was 2.8 times smaller (—63.8%) than that
of NSR.

Boxplot of PTV by different radiotherapy methods

©
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NSR NSRB SR

Radiotherapy methods

Fig. 5. Comparison of PTV between different lung radiotherapy
methods

The PTV results obtained for SBRT and conventional
methods with respiratory monitoring in this study are
consistent with the findings reported by Nyman J.,
Hallqvist A., et al. In their randomized trial, the mean
PTV in conventional radiotherapy was approximately
180 cm? (using a 2 cm margin around the CTV in all
directions), whereas in stereotactic radiotherapy the
mean PTV was 74 cm® (with a 0.5-1 cm margin). This
corresponded to a 58.9% PTV reduction with SBRT,
compared with a 67.9% reduction observed in the present
study.

Although this comparison of PTV remains abstract due
to heterogeneity in right lung treatment cases and target
volumes, as no within-patient comparison across
radiotherapy methods was performed, certain trends can
be identified. SBRT generally yielded smaller PTVs, as
high-dose delivery was achieved with greater precision
through respiratory control and real-time target tracking
using 4D-CT. The smaller PTVs in SBRT also reflect the
treatment of smaller tumours compared with NSR or
NSRB. Nevertheless, the results indicate that respiratory
monitoring  significantly reduces planning target
volumes. Furthermore, 4D-CT demonstrates advantages
over 3D-CT not only in reducing PTV but also in
managing tumours in the lower lung lobes, which are
more susceptible to positional shifts caused by breathing.

7. Conclusions

The results of this study indicate that respiratory
monitoring significantly reduces planning target volume
(PTV). Comparison between stereotactic and
conventional radiotherapy with and without respiratory
control demonstrated PTV reductions of 67.9% and
88.4%, respectively. Furthermore, within conventional
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radiotherapy, respiratory monitoring was associated with
a 63.8% reduction in PTV compared with free-breathing
treatment.
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Abstract: This study analysed demographic, anatomical,
and clinical effects on irradiation doses of organs-at-risk
(OARs) and secondary-cancer risk for head and neck
cancer cases. It was found that the incidence was
highest among men aged 60—69, while excess absolute
risk (EAR) analysis revealed a higher long-term
secondary-cancer risk in advanced disease. In addition,
out-of-field doses were measured and analysed based on
anthropomorphic phantom SHANE and compared to
treatment planning system (TPS) calculations, using two
different calculation algorithms AAA and Acuros XB. It
was observed that both algorithms underestimated the
peripheral dose by 4% to 57.1%, particularly at
distances farther from the edge of the irradiation field.

Keywords: head and neck cancer, excess absolute risk
(EAR), anthropomorphic phantom, out-of-field doses.

1. Introduction

Head and neck cancer (HNC) poses a significant public
health challenge, with approximately 550,000 new cases
and 300,000 deaths worldwide annually. These
malignancies, originating from the oral cavity, pharynx,
larynx, and salivary glands, are linked to high morbidity
and mortality. The complexity of HNC treatment stems
from the intricate anatomy of the head and neck region,
where tumours are often near the vital organs affecting
critical functions [1]. External beam radiation therapy is
a cornerstone of HNC management, utilized in both
curative and palliative settings. However, precision in
dose calculation and delivery remains a critical concern
[2], as treatment planning systems (TPSs) can show
discrepancies from 30 % to 60 % in radiation doses
calculations to organs at risk (OARs) (out-of-field
doses), leading to potential overexposure of healthy
tissues [3].

The unintended exposure of organs outside the
treatment area raises concerns about long-term effects
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and secondary cancer risks. Evaluating patient-specific
factors in secondary cancer risk, induced by irradiation
of healthy tissues, becomes crucial for optimizing
treatment plans and adapting dose constraints [4]. This
study aims to evaluate the impact of patient-specific
factors on secondary cancer risk for HNC, comparing
3D TPS Eclipse-calculated irradiation doses to organ-at

-risk OARs with practical dosimetry measurements.

The specific objectives were as follows:

1. To analyse dosimetry data and evaluate the effects
of gender, age, and disease stage on organ-at-risk
(OAR) doses.

2. To estimate the excess absolute risk (EAR) of
secondary cancer based on treatment planning
system (TPS) data.

3. To measure out-of-field doses using a SHANE
anthropomorphic phantom in conjunction with a 1D
cylindrical ionization chamber.

4. To propose modifications to dose limitations to
improve treatment safety.

2. Material and method

This study was conducted at the Hospital of Lithuanian
University of Health Sciences Kaunas Clinics,
Oncology Hospital.

2.1 Patient Cohort

The cohort included 118 head and neck cancer patients
(21 females, 97 males), aged 40-80 years, treated
between January 2022 and February 2025.
Demographic, clinical, and treatment variables were
recorded, including tumour location, stage, radiation
doses, and organ-specific doses such as the oesophagus,
spinal cord, and parotids. All treatments involved daily
image guided radiotherapy (IGRT) using cone-beam
computed tomography (CBCT).
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2.2 Irradiation procedure

Irradiation was performed with a linear accelerator
Halcyon (Varian) system (6 MeV FFF, 800 MU/min)
with a dual-layer MLC for precise dose shaping with a
daily image guidance via integrated kV-CBCT to ensure
accurate patient’s positioning.

2.3 Treatment Planning

Treatment plans were planned with TPS Eclipse using
intensity-modulated radiation therapy (IMRT) and
volumetric modulated arc therapy (VMAT) techniques.
Target volumes and organs at risk (OARs) were
delineated based on CT images. Dose constraints
followed standard guidelines (RTOG and QUANTEC)
(Table 1). Prescribed doses ranged from 50 Gy to 70
Gy, delivered over 25 or 35 fractions. Dose calculations
employed two algorithms: AAA and Acuros XB, to
evaluate differences in estimation of out-of-field dose.

Table 1. Dose constraints for organs at risk [5]

Organ at risk Dose limitations,
Gy
Oesophagus Dmean* <30
Submandibular gland (left or right) Dmean <35
Larynx Dmean <40
Oral cavity Dmean < 30
Parotid gland (left or right) Dmean <20
Both parotid glands (left and right) Dmean <25
Spinal cord Dmax* <45
Brainstem Dmax <54
Thyroid Dmean < 40

*Dmean — mean dose to the organ, Dmax — maximum dose to
the organ.

Fig. 1. Visualization of treatment planning techniques in
Eclipse TPS: (a) IMRT plan, (b) VMAT plan

Treatment plans planned using the IMRT technique
were based on specific angles (0°, 45°, 90°, 135°, 180°,
225°, 270°, 315°) and modulated intensity per
irradiation field/beam, while VMAT plans were created
using 2 or 3 full arcs (from 179° to 181° counter
clockwise); in some specific cases, 2 or 3 partial arc
strategies were used, depending on the patient's anatomy
and tumour localization (Fig. 1).

2.4 Out-of-field Dose Measurement

Out-of-field doses were measured based on
anthropomorphic phantom SHANE, which mimics head
and neck anatomy (Fig.2).

2.5 Excess Absolute Risk (EAR) Estimation

The study employed the BEIR VII model (equation 1)
to estimate EAR for secondary cancers, particularly

33

focusing on the brainstem at 7 cm from the treatment
field:

FAR = fsDexp(re)(zo)" (1

D —dose [Sv], e — age at exposure [y], e* — attained age
[v], Bs — excess relative risk per sievert [EAR/Sv], y and
n being associated parameters for EAR/Sv.

Measurements were performed using cylindrical
ionization chamber PTW 30013 and electrometer
UNIDOS T10002, at 11 points along four channels,
positioned at the distances from 0 cm to 22 cm per
channels length (Fig.2). Calculated doses by TPS were
compared with the measured doses.

Data from the four channels (measured and calculated
via TPS) were scaled to a standard irradiation treatment
plan (70 Gy total dose over 35 fractions). The EAR was
adjusted using a linear dose-risk relationship, allowing
the assessment of the impact of TPS underestimation on
secondary cancer risk.

Fig. 2. Anthropomorphic phantom SHANE [7] and CT images
of the phantom [8]

" Outoffield edge |

tion chamber;

Fig. 3. Position of four channels and ionization chamber in a
phantom

Table 2. Parameters in (BEIR VII model - Phase 2, table 12-2)
[6]

Model parameter Male Female
Bs 0.85 1.35
n 0.18 0.18
y -0.14 -0.41

2.6. EAR estimation from measured out-of-field dose

To assess the impact of treatment planning system
(TPS) dose underestimation on secondary cancer risk,
the Excess Absolute Risk (EAR) model was employed.
This analysis focused on the brainstem, a representative
organ at risk (OAR), situated 7 cm from the edge of the
treatment field. Dose measurements were obtained from
channel 4 of the SHANE anthropomorphic phantom.
Both TPS-calculated and physically measured doses
were recorded using the Anisotropic Analytical
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Algorithm (AAA) and Acuros XB (AXB) algorithms.
To simulate a full course of treatment delivering 70 Gy
to the primary field, doses per fraction were multiplied
by 35 fractions. The EAR was adjusted using a linear
dose-risk relationship, as follows:

Measured Dose

Adjusted EAR = Baseline EAR X
TPS Dose

2
This allowed quantification of EAR increase due to
underestimation of out-of-field doses by TPS.

2.7 Statistical Analysis

Statistical analyses were performed using R statistical
software (R Foundation for Statistical Computing,
Vienna, Austria). A significance level of p < 0.05 was
used for all statistical tests.

3. Results and discussion

3.1 Incidence of Head and Neck Cancer by Age,
Gender, and Anatomical Site

This study identified a distinct age-related trend, with
the highest incidence of HNC occurring in patients aged
60-69 years, representing 54.2 % of cases. This aligns
with known epidemiological patterns linking increased
age to prolonged carcinogenic exposure and declining
immune function. The incidence was notably lower in
the 40-49 age group (8.47 %), highlighting possibilities
for early intervention through targeted screening and
prevention (Fig. 4).

3.2 Influence of Age and Gender on Organ Radiation
Doses

A pronounced gender disparity was observed, with
males accounting for 82.2 % of cases compared to 17.8
% in females, likely reflecting differences in
behavioural factors such as tobacco use and hormonal or
genetic susceptibility. Anatomical site analysis revealed
the oral cavity as the most affected region, with
significant gender differences, followed by the
oropharynx, larynx, and hypopharynx (Fig.5). These
patterns are consistent with exposure to known risk
factors such as tobacco and Human papillomavirus
(HPV).

3.3 Effect of Tumour Stage and Location on EAR

The analysis revealed a progressive increase in the
average EAR for second cancer development with
advancing cancer stage. Stage IV patients, especially
those with TANIMO classification, showed the highest
average EAR (0.789) (Table 3). This indicates that more
advanced and aggressive tumours are linked to a greater
likelihood of secondary cancer development.

This variability indicated that while multiple patients
may be at high risk due to similar treatment
characteristics, some cases might have an elevated risk
because of tumour-related factors or individual
biological reactions to radiation. Thus, these findings
emphasized the importance of individualized treatment
approaches according to different stages of disease for
enhancement of therapeutic effects and reduction of
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undesirable side effects. For example, patients with
high-grade tumours may need closer surveillance and
dose refinement for optimal outcome with the least
toxicity (Fig. 6).
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Table 3. Mean Excess Absolute Risk (EAR) by disease stage

Stage Mean_EAR | SD_EAR | Percentage of
patients (%)
1 0.375 0.214 4.241
I 0.449 0.381 8.470
111 0.604 0.393 6.782
v 0.789 0.512 55.931
X* 0.619 0415 24.583

*X: Unknown primary tumours or classification when
conventional staging is not applicable.

3.4 Out-of-field Dose Measurements

As outlined in the materials and methods section,
dosimetry measurements with cylindrical ionization
chamber were performed at 11 different points (in 2 cm
step) along four defined channels (CH): CH1, CH2,
CH3, and CH4 (Table 4 and Fig. 7).

Out-of-field doses were measured in a distance from the
edge of the irradiation field (from 0 cm up to 7 cm), as
imitating head and neck cancer irradiation procedure,
longitudinal target with lymph nodes zone was equal to
12 cm. It is recommended to perform additional
measurements imitating larger distances (>10 cm) from
the edge of irradiation field. It was registered that for
the maximum up to 7 cm distances from the irradiation
field edge maximum percentage differences in a
Channel 4 — blue was 51.1 % (AAA) and 57.1 %
(Acuros XB — AC) (Fig. 8).



Sundus Osman et al. / Medical Physics in the Baltic States 17 (2025) 32-36

[+ ]
<L
w
5 T
g, .
=
Fig. 6. Mean excess absolute risk by cancer stage

Fig. 7. Views of all the measurement channels (CH1 — purple;
CH2 — red; CH3 — green; CH4 — blue) showed in different
projections

Table 4. Absolute percentage error between measured and
TPS calculated out-of-field doses using for the dose
calculation AAA and Acuros XB algorithms throughout four
anatomical channels

Position of CHI - purple | CH2 - red CH3 - green CH4 - blue

ionization

chamber Percentage difference (MD vs. TPS), %

mach I aaa | ac | aaa [ ac | asa | ac | aaa [ ac
0 423 | 414 | 464 | 440 | 449 | 41.1 | 51.1 | 571
2 19.0 | 240 | 17.6 | 20.0 | 22.2 | 209 | 289 | 26.8
4 163 | 174 | 16.5 | 17.2 | 14.7 | 10.6 | 259 | 189
6 134 | 153 7.6 156 | 164 | 11.4 | 10.0 | 194
8 4.3 13.7 34 6.1 5.5 2.7 7.9 53
10 0.6 2.5 1.5 3.6 0.2 1.2 33 1.5
12 1.5 2.1 2.0 9.0 5.7 2.6 4.3 7.3
14 2.1 11.2 3.9 8.4 0.5 3.6 16.6 | 21.3
16 6.4 11.9 0.8 3.0 3.1 3.8 134 | 21.6
18 2.5 8.2 2.3 7.2 0.1 1.6 14.6 | 12.2
20 2.9 9.5 5.8 5.4 0.7 0.4 8.5 12.9
22 2.6 10.0 | 4.8 4.1 0.3 1.4 13.3 | 234

Table 5. The EAR calculations for the brainstem (imitating
the largest possible 7 cm distance from the irradiation field

edge)

Parameter AAA AXB
TPS-calculated dose per 2 Gy fraction 0.13 Gy 0.15 Gy
Measured dose per 2 Gy fraction 0.16 Gy 0.18 Gy
TPS total dose over 35 fractions (70 Gy) 4.55 Gy 5.25 Gy
Measured total dose over 35 fractions (70 | 5.60 Gy 6.40 Gy
Gy

Baseline EAR 1.00 1.00
Adjusted EAR based on measured dose 1.28 1.23
Increase in EAR (%) 23 % 22 %
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Fig. 8. Comparison of percentage differences for measured
and treatment planning system (TPS) calculated out of-field
doses using AAA and Acuros XB (AC) algorithms throughout
Channel 1 and Channel 2.

These findings reveal a notable increase in Excess
Absolute Risk (EAR) (23 % using the AAA algorithm
and by 22 % using the Acuros XB (AXB) algorithm)
due to the underestimation of out of field doses by the
treatment planning system (TPS). This emphasizes the
clinical significance of verifying out-of-field radiation
doses through physical measurements, particularly for
radiosensitive organs such as the brainstem.

Although the total accumulated dose to the brainstem in
this scenario remains well below the widely accepted
constraint of 54 Gy, such discrepancies could be more
consequential for other organs at risk (OARs) or in
different clinical contexts. Repeated underestimations
across multiple treatment sessions or fields may result in
cumulative doses that approach or exceed clinical
tolerance limits, thereby elevating the risk of radiation-
induced complications.

3.5 Clinical Implications and Recommendations

The experimental data demonstrate that treatment
planning systems (TPS), particularly the Acuros XB
algorithm, consistently underestimate out-of-field doses
to organs located beyond 10 cm from the irradiation
field edge. For example, underestimations reached up to
57.1 % in 4 (spinal cord region). These findings
highlight the need to revise dose constraints for organs
at risk (OARs) by including additional safety margins
that reflect these systematic TPS limitations.

Out-of-field =~ TPS-calculated doses should be
complemented with direct measurements using
ionization chambers or in vivo dosimeters particularly
for radiosensitive, non-regenerative structures such as
the spinal cord, parotid glands, thyroid, and gonads.
This is especially important in paediatric, young adult
(< 40 years), or long-term survivor populations, where
the lifetime risk of secondary malignancy is a major
clinical consideration. The use of anthropomorphic
phantoms (e.g., SHANE) or in vivo tools ensures more
accurate estimation of cumulative exposure, maintaining
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compliance with evidence-based dose thresholds. TPS
reliability for out-of-field dose estimation significantly
decreases at distances beyond 10 cm from the field
edge.

According to the measurements, percentage errors
remain within 5-20 % up to 10 cm but increase
dramatically (up to 23 %) beyond 18 cm, with trends
indicating worsening accuracy with distance. Therefore,
it is recommended to limit TPS-based dose calculations
to within approximately 10 cm of the treatment field.
For organs located further away, additional phantom-
based dosimetry or Monte Carlo simulations should be
employed to ensure accurate dose quantification and
protect critical structures.

4. Conclusions

The estimated Excess Absolute Risk (EAR) increased
progressively with advancing disease stage. Patients
with Stage IV tumours and higher TNM classifications,
particularly T4N1MO, exhibited the highest EAR
values. Both the AAA and Acuros XB algorithms
underestimated out-of-field doses, particularly at
distances greater than 7 cm from the field edge, with
discrepancies reaching up to 57.1%. These findings
highlight the importance of incorporating phantom-
based verification of out-of-field doses and further
refining treatment planning system (TPS) algorithms.
Moreover, clinical protocols should account for
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individual patient risk factors to minimize radiation-
induced complications.
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Abstract: Interfractional variations of bladder and rectum
volumes remain a major challenge in cervical cancer
IMRT, as small margins make target coverage highly
sensitive to anatomical changes. In this work, CBCT-
based replanning was performed for ten patients (98
scans) to assess the dosimetric effects of such variations.
It was found that CTV coverage decreased significantly
(median Vs 99.5% — 96.4%), while bladder and rectal
doses increased with unstable filling patterns. Strong
correlations were observed between bladder/rectal
changes and dosimetric outcomes. Based on these
findings, institutional protocols were developed for
regional patient population, standardizing bladder
volumes (120-150 cc) and rectal diameters (<4.5-5.0
cm) to improve treatment consistency.

Keywords: IMRT; Cervical cancer, Interfractional organ
motion; Cone-beam CT; Replanning.

1. Introduction

Radiotherapy (RT) remains one of the main treatment
steps for cervical cancer, particularly in patients with
locally advanced disease. In such a case, external beam
radiotherapy (EBRT) combined with brachytherapy is
delivered to treat patients [1, 2]. Modern techniques such
as intensity-modulated radiotherapy (IMRT) and
volumetric modulated arc therapy (VMAT) that enable
highly conformal dose distributions and improved
sparing of organs at risk (OARs) as compared with
conventional three-dimensional conformal radiotherapy
(3DCRT) can be wused instead [2-5]. However,
effectiveness of the modern techniques depends on the
stability of pelvic anatomy, as smaller clinical target
volume (CTV) compared to planning target volume
(PTV) margins makes these approaches vulnerable to
daily organ variations [6, 7]. Interfractional changes of
bladder filling and rectal distension are recognized as the
dominant sources of anatomical variability in pelvic
radiotherapy. Several imaging studies using MRI and
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cone-beam CT (CBCT) have demonstrated that bladder
filling can displace the uterus and cervix by more than a
centimeter, while rectal distension is closely linked with
cervix and vaginal motion [8, 9]. The uterus, in
particular, is considerably more mobile than the cervix,
with reported displacements up to several centimeters in
extreme cases. These shifts may compromise target
coverage or increase dose to the bladder and rectum
[5,10,11]. To address this problem, adaptive strategies
have been investigated. Offline replanning triggered by
tumor regression has been shown to reduce hotspots and
improve dose homogeneity while lowering rectal and
bladder doses [12, 13]. Library-of-plans approaches
allowed selection of the most appropriate plan for the
anatomy of the day and have been validated as a robust
alternative in clinical practice [14]. More recently, online
adaptive radiotherapy (OART) guided by CBCT or MRI
has demonstrated further improvements in CTV coverage
and OAR sparing exploring artificial intelligence to
automate plan selection and decision-making [15-19].
Although these strategies are promising their
implementation is resource-intensive and not universally
available.

In most clinical settings, bladder filling and rectal
emptying protocols are routinely applied to reduce
interfractional variability and ensure consistent CTV
coverage [2, 9, 11, 20]. In the absence of preparation
protocols, day-to-day variations in bladder and rectum
volumes may lead to uncertainties in dose delivery. In
3DCRT, these are usually compensated by relatively
large CTV-to-PTV margins of 1-1.5 cm, whereas in
IMRT, where margins can be reduced to 5—7 mm, the
impact of anatomical variability becomes more critical.
To overcome these issues, CBCT-based dosimetric
analysis with IMRT replanning was introduced, with the
aim of evaluating the influence of bladder and rectum
changes on target coverage and OAR doses and to
support the development of protocols for routine clinical
practice.
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2. Methods and materials
2.1. Patient selection

This retrospective study included ten patients with
cervical cancer treated with external beam radiotherapy
at the Tashkent City Branch of the Republican
Specialized Scientific and Practical Medical Center of
Oncology and Radiology (RSSPMCOR). Patients were
deliberately selected based on the largest interfractional
anatomical variations observed during their original
treatments, including marked differences in bladder
filling, rectal diameter, and intrapelvic air content. At the
time of treatment, no standardized bladder or rectum
preparation protocols were in place. Consequently, three-
dimensional conformal radiotherapy (3DCRT) was
delivered with CTV-to-PTV margins of 1.0-1.5 cm,
depending on the treatment machine, to compensate for
these uncertainties.

2.2. Treatment planning

New IMRT plans were generated on the reference
planning CT using the Monaco 5.11.03 treatment
planning system (Elekta AB, Stockholm, Sweden). A
uniform 7 mm margin was applied from CTV to PTV.
Plans were created with a seven-field coplanar beam
arrangement and optimized for adequate target coverage
while respecting institutional clinical dose constraints
protocol for organs at risk, including bladder, rectum,
femoral heads and bowel (Table 2.1.). The prescription
dose of 46 Gy was delivered in 23 fractions to the PTV.

Table 2.1. Planning objectives and organ-at-risk (OAR) dose
constraints used for IMRT optimization.

Structure Objective / Constraint

PTV V95% > 98%; V107% < 2%

CTV V98% > 98%; V100% > 95%;
Bladder V45Gy < 35%; Mean dose < 40 Gy
Rectum V40Gy < 50%; Mean dose < 40 Gy
Bowel bag V40Gy <30%

Femoral heads | V40Gy <40%; V45Gy <25%

2.3. Imaging, contouring and dose recalculation

For each patient, cone-beam CT (CBCT) scans acquired
during treatment were imported back into the Monaco
5.11.03 treatment planning system. Between 8 and 13
CBCTs were available per patient, giving a total of 98
scans, as offline IGRT protocol included daily CBCTs
during the first four fractions and weekly imaging
thereafter, provided no major positioning issues were
observed. All scans were obtained on an Elekta Synergy
XVI imaging system (Elekta AB, Stockholm, Sweden).
On each CBCT, the following structures were
recontoured:

1) Bladder (whole organ)

2) Rectum (outer wall)

3) CTV (cervix and uterus)

4) Intrapelvic air (visible gas pockets in the

intestines).

Contouring was performed by a single observer to
maintain consistency and reduce inter-observer variation.
The IMRT plan generated on the reference planning CT
was then recalculated on each CBCT dataset without re-

38

optimization or modification of beam parameters. This
allowed assessment of dose distribution under the
anatomical conditions of each treatment fraction.

2.4. Data analysis

Bladder volume (cc), rectal maximum anterior—posterior
diameter (cm), and intrapelvic air volume (cc) from the
reference CT, were recorded, and the same parameters
were extracted from each CBCT to quantify anatomical
changes.

CTV coverage was assessed using Vose, Voses, and Vigoos.
For OARs, bladder (V3ogy, Viogy, Viscy) and rectum

(V306y, Vaogy, Vaisgy) dose—volume parameters were
evaluated.
Comparisons  between  reference CT  values

(hypothesized mean, 1) and CBCT-based recalculated
values were performed using a one-sample t-test:

_ X-Ug

=T

(M

where x is mean of CBCT values of the sample, s is the
sample standard deviation, and n is the number of
CBCTs. A p-value<0.05 was considered statistically
significant.

To further explore the relationships between anatomical
changes and dosimetric outcomes, patients were divided
into three groups based on the parameters that showed the
most significant deviations from the reference values:

I. Patients with marked variations in bladder
volume.
II. Patients with pronounced changes in the

maximum anterior—posterior rectal diameter.
Patients with notable increases in intrapelvic air
volumes adjacent to the CTV.

III.

Within each group, the relationship between the
dominant anatomical parameter (bladder volume, rectal
diameter, or air volume) and the -corresponding
dosimetric metrics (CTV Vosos, Vosos, Vioowss bladder Vsogy,
Vaocy, Vascy, rectum Viogy, Viocy, Viscy) was evaluated
using Spearman’s rank correlation coefficient (p).
Correlation strength was interpreted as:

- weak (|p| <0.39);

- moderate (0.4 < |p| <0.59);

- strong (|p| > 0.6);

A correlation was considered significant at p < 0.05.

3. Results and discussions

All IMRT plans fulfilled the predefined target coverage
and OAR dose constraints. Median CTV Voge; and Vigoes
on the reference plans were 99.5% and 96.0%,
respectively, with PTV Vosy; exceeding 98% in all
patients. Mean bladder and rectum doses remained below
40 Gy, with bladder Vysg, < 30% and rectum Vi, <
45%, while bowel and femoral head doses stayed within
clinical tolerance. (Fig. 3.1).
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Fig. 3.1. Dose-volume parameters for IMRT reference plans.
Mean values of the target coverage metrics (CTV and PTV),
and mean values the organ-at-risk (OAR) dose metrics.

Bladder volumes demonstrated considerable variability
across patients, with treatment values ranging from 29 cc
to 386 cc. Moreover, a progressive reduction in the mean
bladder volume was observed across the treatment
course, decreasing from approximately /00-200 cc at
fractions 7—10 to around 50-100 cc by fractions 15-23
(Fig.3.2).
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Fig. 3.2. Bladder volume variations across treatment fractions
for all 10 patients.

The largest and most significant deviations from
reference volumes (p < 0.05) were observed in patients 3,
8,9, and 10, indicating unstable bladder filling and poor
reproducibility that may compromise IMRT delivery
(Table 3.1 and Fig.3.3).

Fig. 3.3. Example from patient #8. The left image shows the
original CT plan, and the right image shows CBCT the 11th
treatment fraction. A marked reduction in bladder volume can
be observed, which consequently affected the shape and
position of the CTV.

The maximum rectal diameter in the anterior—posterior
direction ranged from 2.0 cm to 6.1 cm across patients,
but after the 11th fraction values were mostly stabilized
around 3-4.5 cm (Fig. 3.4.). Significant increases
compared to the reference CT (p < 0.05) were observed
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in patients 1-7, and 9, reflecting pronounced distension.
Stable diameters without significant deviations were
found in patients 8 and 10 (Table 3.2).

Table 3.1. Bladder volume variations across patients based on
CBCT imaging.

Bladder
AELIEEBREEFEE IR E
£ | #0 H = - SE| * o

@ @ O
1 13 89.99 8837 35.59 168.86 | 033
2 10 | 13150 | 139.60 | 7101 175.10 | 0.49
3 8 73.26 17320 | 56.13 | 38634 | <0.05
4 11 90.10 88.37 54.83 17130 | 0.28
5 9 127.96 | 14257 | 70.86 172.46 | 037
6 10 | 10120 | 90.43 60.10 16500 | 039
7 11 11530 | 14257 | 80.11 17930 | 0.15
8 8 389.56 | 150.04 | 8192 | 278.01 | <0.05
9 10 | 130.16 | 5041 29.59 7482 | <0.05
10 8 89.62 56.42 42.16 84.88 | <0.05

Table 3.2. Rectum’s maximum diameter variations in anterior-
osterior direction across patients based on CBCT imaging.

Rectum
£l er| 8- | 288 .58 58| =,
) S| SEE| SE=| EE=| EE| B2
F| 28| =52 25| 75| 75| 3¢
= = ) = ) = O
1 13 5.72 4.37 3.78 5.57 <0.05
2 10 3.45 4.08 3.37 5.83 <0.05
3 8 3.70 3.35 3.25 3.64 <0.05
4 11 6.22 4.87 4.28 6.07 <0.05
5 9 3.61 3.82 341 5.72 <0.05
6 10 5.49 4.74 4.10 6.10 <0.05
7 11 2.78 3.78 2.65 5.61 <0.05
8 8 3.79 3.88 2.66 3.94 0.25
9 10 2.18 2.44 2.00 2.76 <0.05
10 8 3.06 3.06 3.01 3.15 0.29
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Fig. 3.4. The maximum rectal diameter in the anterior—
posterior direction variations across treatment fractions for all
10 patients.

Intrapelvic air volumes varied widely, ranging from
almost negligible levels to /78 cc (Table 3.3). Apart from
patients 4 and 6, all other patients showed significant
deviations from reference CT values (p < 0.05).
CBCT-based recalculations showed systematically lower
CTV coverage compared with the original CT plans as
shown in Fig.3.5, with significant reductions in Vose,
Voses, and Vigoo; across nearly all patients (p < 0.05).
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Table 3.3. Intrapelvic air volumes variations across patients
based on CBCT imaging.

Intrapelvic gas volume

H ~ ~ ~
2| O gEg| SEc| £E| 5| 23
= SE| XSS 23Q| =230 | =8| ==
~ S E 4 = 5! > a2 S} o

z Q Q Q
1 13 66.63 10.39 1.30 159.70 <0.05
2 10 0.80 8.15 1.10 42.30 <0.05
3 8 294.50 99.14 2.03 178.02 <0.05
4 11 2531 10.39 1.30 85.30 0.21
5 9 0.20 14.84 1.92 51.57 <0.05
6 10 15.30 11.09 0.55 65.30 0.37
7 11 0.31 12.11 0.21 62.91 <0.05
8 8 103.44 10.03 0.21 48.77 <0.05
9 10 62.94 33.46 0.54 85.89 <0.05
10 8 122.80 48.64 0.32 135.95 <0.05

Median CTV Vyse; dropped from 99.48% to 96.41%, and
V1002 from 95.96% to 92.12%
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Fig. 3.5. Boxplots of CBCT-based dose coverage for the CTV
(Vosos, Vosu, and Vieos) across 10 patients. Median values from
the original CT plans are shown as dashed reference lines.

In addition to target coverage, recalculations were made
to assess interfractional dose variations in OARs.
For the bladder, CBCT-based recalculations showed
pronounced inter-patient variability, with significant
increases in the median value of V46Gy, while changes
in median V40Gy and V30Gy were less pronounced
(Fig.3.6.).
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Fig. 3.6. Boxplots of CBCT-based bladder dose distributions
for Vascy, Vaocy, and Viocy across 10 patients. Boxes represent
median values of CBCT-based recalculated doses. Median
values from the original CT plans are shown as dashed
reference lines.
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However, individual patient assessments revealed
inconsistent patterns. For example, in patient 3, Vs,
increased from 0.2% to 26.6% and Vg, from 80% to
83%, whereas in patient 5, Visg, decreased from 20.8%
to 6.35% and Vg, from 62.1% to 43.9%.
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Fig. 3.7. Boxplots of CBCT-based rectal dose distributions for
Vascy, Vaocy, and Viocy across 10 patients. Boxes represent
median values of CBCT-based recalculated doses. Median
values from the original CT plans are shown as dashed
reference lines.

For the rectum, median doses varied considerably, with
median of Vs, rising up from 0.9% to ~5.9% and VG,
shifting between 28—37%, reflecting the strong influence
of interfractional rectal filling and motion. (Fig.3.7).
Patient-specific values also varied considerably. For
instance, in patient 1, Vi, decreased from 26.3% to
12.4% and Vg, from 60.6% to 48.3%. Examination of
the CBCT structures showed that the rectum’s anterior—
posterior maximum diameter was reduced across
fractions compared with the planning CT.

To investigate the interrelation of the results, Spearman
correlation analysis (as mentioned in Methods) was used
to explore the relationship between anatomical variations
and dosimetric outcomes.

variations in bladder

3.1. Patients with marked

volume.

Bladder volume variations showed strong correlations
with CTV coverage (p = 0.74-0.98 for Voso; and p =
0.71-1.0 for Vips;) as well as bladder dose metrics in
most patients, highlighting the impact of bladder filling
on target coverage and OAR sparing (Table 3.4. and
Fig.3. 8).

Table 3.4. Spearman correlation coefficients of Bladder
volume (B-Vcc) vs. CTV and Bladder dose metrics.; *p < 0.05.

Spearman correlation coefficient
p
weak (|p| < 0.39);
# moderate (0.4 <|p| < 0.59);
P-nt strong (|p] = 0.6);
B-Vcvs | B-Vvs | B-Vcvs | B-V.vs | B-V( vs
CTV CTV B-Visgy | B-Vagy | B-Vagy
V98% VIOI}%
3 0.787" 0.711° 0.933" 0.361 0.008
7 0.709" 0.8917 0.903"
8 0.748" 0.244 -0.312 0.109 0.361
9 0.855" 0.791" -0.526 0.236 0.436
10 0.983" r 0.683" 0.283 0.35
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Fig. 3.8. Axial CT slice illustrating the effect of bladder volume
variation on CTV displacement and dose distribution.

3.2. Patients with pronounced changes in the

maximum anterior—posterior rectal diameter

Changes in the anterior—posterior rectal diameter showed
significant positive correlations with both CTV coverage
(p = 0.65-0.79) and rectal dose metrics (p up to 0.92),
indicating that rectal distension directly influences target
coverage and rectal dose distribution (Table 3.5.).

Table 3.5. Spearman correlation coefficients of Rectum’s
maximum diameter in A-P direction (B-Dcm) vs. CTV and
Rectum dose metrics. *p < 0.05.

Spearman correlation coefficient
p
weak (|p| < 0.39);
# moderate (0.4 < |p| < 0.59);
P-nt strong (|p] 2 0.6);
R'Dcm R'Dcm R'Dcm R'Dcm R'Dcm
vs CTV | vs CTV Vs Vs vs
Vs Vioow R-Viscy | R-Vaoey | R-Vioey
1 0.715" 0.689" 0.376 0.605" 0.719"
4 0.655" 0.213" 0.289 0.714" 0.567"
6 0.756" 0.791" 0.436" 0.283" 0.350"
7 0.697" 0.915" 0.661"
8 0.776" 0.777 0.489"

3.3. Patients with notable increases in intrapelvic air
volumes adjacent to the CTV

Intrapelvic air volumes demonstrated only moderate
correlations with CTV Vyso; but strong correlations with
CTV Vosos (p = 0.82—0.92) (Table 3.6), indicating that
their dosimetric impact becomes significant mainly when
gas pockets are located adjacent to the CTV in the
rectum, where they alter its diameter and displace the
target.

Table 3.6. Spearman correlation coefficients of in intrapelvic
air volumes (A-Vce) vs. CTV. *p <0.05.

Spearman correlation coefficient

p
# weak (|p| < 0.39);
P-nt moderate (0.4 < |p| < 0.59);
strong (|p| = 0.6);
A-Vcc vs CTV Vgs% A-Vcc vs CTV Vgs%

2 0.413" 0.821"
5 0.394 0.915°
7 0.215 0.892"

CBCT-based analysis confirmed that interfractional
bladder and rectal wvariations can significantly
compromise CTV coverage and OAR sparing in IMRT
for cervical cancer. Since the dose gradient in IMRT
decreases rapidly outside the PTV, maintaining
consistent organ volumes, as defined during CT
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simulation, is essential to ensure adequate target
coverage and protection of surrounding organs.
Reductions in median CTV Vosy; (—3%) and V;gpss (—4%6)
across patients are consistent with previous MRI and
CBCT studies, which showed that bladder filling
variability can displace the uterus by up to 4-6 cm and
directly reduce dose coverage [6, 7]. Similarly, we
observed strong correlations (p >0.7) between rectal
distension and both CTV underdosage and increased
rectal dose, in agreement with Heijkoop et al. [8] and
Eminowicz et al. [9], who identified rectal diameter >4
cm as a predictor of cervix displacement.

Compared to planning CT, bladder Visgy, rose by up to
27% and rectal Vo, exceeded 70% in some fractions,
highlighting the limitations of uniform 7 mm margins
under variable anatomy. Similar dosimetric impacts of
organ filling were recently reported by Koca et al. [11]
and Liu et al. [12]. Adaptive approaches, including plan
libraries and daily online ART [12-19], have
demonstrated improved coverage and OAR sparing,
suggesting that such strategies would benefit patients
with unstable anatomy as in our cohort. This is especially
critical in cervical cancer, where EBRT is routinely
followed by brachytherapy, and excessive bladder or
rectal doses during the external phase may limit the safe
delivery of the brachytherapy boost [2]. Nevertheless,
this study is limited by the relatively small cohort size
and by the use of recalculated, non-reoptimized IMRT
plans, which may underestimate the potential benefits of
adaptive strategies.

4. Conclusions

Interfractional bladder and rectal variations were shown
to compromise CTV coverage and increase OAR doses
in cervical cancer IMRT. Based on these findings,
developed institutional protocols were developed to
maintain bladder volumes around /20—150 cc and to limit
rectal diameters to <4.5-5.0 cm, aiming to reduce
variability in future treatments. Daily IGRT was
recommended to ensure treatment accuracy, particularly
for high-dose IMRT, SIB, or EBRT-brachytherapy
schedules. In cases where internal organs systematically
change toward a consistent but altered size or shape,
replanning should be considered to preserve target
coverage and OAR sparing.
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Abstract: This research is aimed at creating and
validating a magnetic resonance imaging (MRI) quality
control (QC) protocol which can be used in Lithuanian
clinical environments. The investigation relies on the
phantom based QC measurements performed evaluating
three MRI scanners: Siemens Magnetom Skyra (3T),
Siemens Magnetom Altea (1.5T), and Philips Ingenia
Prodiva (1.5T). Following phantom based QC tests have
been performed: measurements of signal-to-noise ratio
(SNR), image uniformity (PIU), geometric distortion,
low-contrast detectability and high-contrast spatial
resolution. The obtained results matched with American
QC standards showing just minor variations among
devices and sequences. This allowed prepare the unified
recommendations for the creation of national MRI QC
protocol. The implementation of such protocol would
lead to the uniform requirements for image quality,
diagnostic dependability and better patient protection
throughout the country.

Keywords: magnetic resonance imaging, quality control.

1. Introduction

The diagnostic field of modern medicine relies heavily
on Magnetic Resonance Imaging (MRI) because it
creates comprehensive three-dimensional images of soft
tissues using non-ionizing radiation technologies [1].
Due to the complexity and sensitivity of new
technologies, MRI quality and consistency is very
important step. Quality control (QC) in MRI involves
periodic performance assessments through standardized
test phantoms together with image quality metrics
including signal-to-noise ratio (SNR), percent image
uniformity (PIU), ghosting and geometric accuracy. The
quality measures serve to detect system deterioration
while enabling hardware component calibration and
image quality optimization throughout time. The
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American College of Radiology (ACR) together with
the American Association of Physicists in Medicine
(AAPM) and the International Electrotechnical
Commission (IEC) have established worldwide
standards for QC practices through their guidelines
[2, 3]. In Lithuania, currently there is no official
national standards for MRI quality control except for
annual service engineer inspections. The absence of
structured QC programs in many facilities usually lead
to suboptimal imaging and undetected system
malfunctions and inconsistent diagnostic performance

[4].

2. Material and method
2.1 MRI systems

Parameters of 3 MRI scanners used in Lithuania and
their imaging data were analysed while developing
recommendations for MRI quality assurance and quality
control: ~ Siemens Magnetom Skyra (Siemens
Healthcare, Germany) a 3T MRI, Siemens Magnetom
Altea (Siemens Healthcare, Germany) a 1.5T MRI and
Philips MR Ingenia Prodiva (Philips, Netherlands) a
1.5T MRI.

2.2 Phantoms

All scanners employ plastic bottle phantoms. Siemens 3
and 1.5T wuse several bottle shapes filled with
NiSO+6H.0 + NaCl to adjust relaxation and
conductivity. Philips 1.5T uses a single bottle with
"Phantom liquid 13" (Fig. 1A). These are appropriate
for weekly QC (SNR, PIU, ghosting), but not for
complete monthly/annual QC (geometric accuracy,
high-contrast SR, low-contrast detectability), which
necessitates an ACR-type phantom. In this work home-
made spherical ACR style phantom with a 20 cm
diameter was used to enable more detailed MRI quality
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control assessments (Fig. 1B). 3D printed polylactic

acid (PLA) phantom was filled with aqueous nickel

chloride and sodium chloride water solution, to adjust

the relaxation time of water hydrogen and to mimic

tissue-like signal properties. This home-made phantom

consists of several dedicated test structures designed to

evaluate key aspects of image quality:

o Uniformity/SNR/ghosting — phantom middle part
with no internal structures.

e Geometric grid — 160 squares, 10x10 mm, 2 mm
border (Fig. 1D).

o Low-contrast detectability - 6 groups x 5 cylinders
(9 2-10 mm), depths 0.25-2 mm (Fig. 1E).

e High-contrast spatial resolution plate — 1-6 Ip/cm,
parallel sets for phase/frequency directions (Fig. 1F).

a't,g'f

L
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Fig. 1. Bottle (A) and home-made ACR phantom (B). 3D
Computer-aided design (CAD) (C) with its structure:
geometric distortions measurements grid (D), structure for
low-contrast detection (E) and spatial resolution measurement
structure (F)

2.3 Scanning protocol parameters

Bottle and ACR phantoms were scanned using head
coil. Weekly bottle scans were done, for all MRI
machines, using 7;, 7> sequences and echo planar
imaging (EPI). SNR and PIU were retrieved from 7
and 7> measurements. Parameters used for weekly bottle
scans were:
e Siemens Magnetom Skyra (3T).
Axial 7; SE - TR/TE 600/20 ms, flip angle (FA) 90°,
field of view (FOV) 250 mm, matrix 256 (phase), 27
slices, slice 5 mm with 6.5 mm spacing, bandwidth
(BW) 250 Hz/px, phase encoding direction R—L.
Axial T, SE - TR/TE 6000/100 ms, FA 150°;
geometry/BW/phase as above; 27 slices.
e Siemens Magnetom Altea (1.5T).
Axial T; SE - TR/TE 600/20 ms, FA 90°, FOV 250
mm, matrix 256 (phase), 25 slices, slice 5 mm with
6.5 mm spacing, BW 250 Hz/px, phase R—L.
Axial T, SE - TR/TE 4000/80 ms, FA 150°;
geometry/BW/phase as above; 25 slices.
e Philips Prodiva (1.5T).
Axial T; SE - TR/TE 600/15 ms, FA 90°, FOV 250
mm, matrix 560 (phase), 30 slices, slice 5 mm, NEX
2, BW 250 Hz/px, phase R—L.
Axial T, SE - TR/TE 1000/100 ms, FA 90°
geometry/NEX/BW/phase as above; 30 slices.
ACR phantom scans followed official ACR
accreditation standards (Table 1), except for number of
slices and slice gap. Instead of the 11 slices needed by
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accreditation (to guarantee specified structures show),
32 slices with a 2 mm gap were used to cover the whole
length of the phantom and consistently capture all
features.

Table 1. American College of Radiology parameters used for
ACR phantom scanning [5, 6]

Series/ Pulse Axial T;/ Spin | Axial 7>/
sequence echo Spin echo
Coil used/ protocol Head/ brain Head/ brain
TR (ms) 500 2000

TE (ms) 20 80

FOV (mm) 250 250
Number of slices 32 32

Slice thickness (mm) 5 5

Slice Gap 2 2

Matrix (phase) 256 256

2.4 Calculations

To maximise SNR, the air region of interest (ROI) was
set as big as possible while eliminating truncation and
edge bleed. The signal ROI covered >75 % of the
phantom, while the background ROI matched Fig. 2
(left). Mean values were collected using ImageJ, and
SNR was calculated with Eq. (1).

S
SNR = —
Opkg

(1
The PIU window/level was changed to highlight the
brightest and darkest locations inside the big ROI (=75
%) (Fig. 2 (right)). The maximum and minimum
intensities were obtained by Image], and PIU was
calculated using Eq. (2).

max

PIU = 100 (1 S
B S

_ 5"”'") @)

max + Smin

Fig. 2. Selection of signal and backgrund ROs for
measurements (left); and selected ROIs for determining
maximum and minimum signal areas (right)

Geometric distortion is expressed as percent geometric
distortion (PGD) it quantifies geometric distortion
between any two FOV points (Fig. 3). PGD is
calculated with Eq. (3), Leue dimension 18 the grid’s actual
dimension and Lopserved dimension the image-measured
dimension. For this home-made ACR phantom the grid
length was 15 cm.

Ltrue dimention —

PGD = ( Lobserved dimension) 100 (3)

Ltrue dimention
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Fig. 3. Example of any two points that can be selected for
PGD measurement

For Low-Contrast Detectability measurements the
number of full spokes visible in the slice was counted.
The ideal result for this measurement is 30 visible
cavities since there are 30 cavities in total (exclude the 5
large and 4 small printing-only holes) (Fig. 4).

Fig. 4. Low-Contrast Detectability scan showing which group
of cavities to count, 6 groups with each group
having 5 cavities

High contrast resolution corresponds to a number of
linear groups whose line pairs are visually
distinguished. Labels indicate lp/cm; after group 6,
subgroups 6.1/6.2 are still 6 Ip/cm but with smaller
spacing (Fig. 5).

Fig. 5. High contrast resolution scan showing the number of
line pairs per centimetre

3. Results and discussion

Image quality control in MRI is used for weekly and
periodic routine evaluations, to optimise equipment
performance and longevity, ensure patient safety and
increase diagnostic quality. The recommendations for
MRI quality assurance stem from the lack of formal
regulations and national standards in Lithuania, so the
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recommendations include evaluation of key image
quality parameters and establishment of baseline image
quality parameter values. To achieve this, multiple
scans must be performed under identical conditions
across different sites. The evaluated MRI image quality
parameters underwent measurement, recording and
analysis with manufacturer provided and ACR style
phantoms, acquisition protocols and comparison of
results with ACR and AAPM guidelines.

3.1 Bottle Phantom QC — SNR, uniformity and signal
ghosting

3.1.1 Signal-to-Noise Ratio

Signal-to-noise ratio (SNR) alone cannot identify
imaging chain defects, and according to the AAPM
acceptable levels vary by system. Baselines should be
determined by installation  measurements  or
manufacturer standards. In this study, the signal ROI
covered 80 cm? (at least 75 % of the phantom), while
the background ROI comprised 25 cm? (Fig. 6). In T;-
weighted scans, the Skyra 3T had the highest SNR
(623.2), followed by the Altea 1.5T (499.5) and the
Prodiva 1.5T (420.5) (Fig. 7). In T>-weighted scans, all
systems showed reduced SNR, as expected with longer
echo times; the Skyra 3T had the lowest SNR (165.5)
and the Prodiva 1.5T had the greatest SNR (192.7).

Fig. 6. Regions of interests used for signal and background
measurement for SNR calculation

Fig. 7. Graphical representation of Signal-to-Noise Ratio
results for 77 and 7> sequences across several MRI scanners

3.1.2 Uniformity

The phantom ROI's signal homogeneity was assessed
using Percent Image Uniformity (PIU). According to
AAPM, >90 % is predicted for <2 T systems, but values
may be lower for >2 T with water phantoms [3].
An 80 cm? signal ROI and a 1 cm? max/min ROI (Fig.
8) was set. All the scanners scored above 90 % in 7; and
T> (Fig. 9). In T, the Philips Ingenia 1.5T scored the
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best at 97.5 %, followed by 95.2 % in T>. The Siemens
Altea 1.5T measured 95.6 % and 96.3 %. Siemens
Skyra 3T recorded 90.7 % and 90.4 %, which is
consistent with estimates for increased field strength.
Overall homogeneity was acceptable, suggesting stable
coils and calibration.

Fig. 8. Regions of interests used for maximum and minimum
signal pixel intensity measurement for PIU calculation

PIU (%)

95,60 .
95.20
) I I I I I
T 1 2 T T
Magnetom Sk M 3 h i

Fig. 9. Graphical representation of Percent Image Uniformity
results for 77 and 7> sequences across several MRI scanners

3.2 ACR type phantom QC - geometric distortion,
low-contrast object detectability and high-contrast
spatial resolution

3.2.1 Geometric distortion

Geometric accuracy was evaluated by measuring
phantom diameters in MicroDicom and comparing them
with the known 15 cm diameter. The AAPM
recommends absolute distortion of less than 2 %,
however the ACR program allows for +2 mm for the
ACR phantom [3]. All systems met these limits
(Fig. 10), with the highest variances being +1.18 mm
(1.12 %) and -1.79 mm (-0.79 %). The Siemens Skyra 3
T demonstrated the biggest deviation (still acceptable),
demonstrating a larger distortion risk at higher field
strengths unless advanced corrections are applied [7].
Both 1.5T systems stayed under 1 mm and 0.8 %.
Additional measurements should be made to determine
whether the reported variations are consistent as normal
expected variation or fall as a systematic issue.

Accurate image geometry is essential for diagnosis and
planning. Even minor distortions can affect anatomy,
skew lesion measurements, and cause registration issues
across images. In the brain example (Fig. 12), axial
slices reveal peripheral warping, which reduces
diagnostic confidence and the precision of image-guided
treatments. Geometric distortion should be routinely
assessed as part of MRI quality control.

Geometric distortior

10
o5 0.40
o 020

- |
5

Fig. 10. Graphical representation of Geometric distortion
results for 77 and 7> sequences across several MRI scanners

Fig. 11. Geometric accuracy evaluation on Philips Ingenia
Prodiva (1.5 T) system, with T>-weighted imaging

Fig. 12. An example of geometric distortion in brain MRI
scans [8]

3.2.2 Low-contrast object detectability

Low-contrast detectability was assessed by counting
visible spokes (ideal 30). Overall, the results (Fig. 13)
were strong, with Siemens Skyra 3T and Altea 1.5T
(Fig. 14) reaching 30 spokes in both 7; and 7. The
Philips Ingenia 1.5T displayed 30 in 7; and 28 in 7>,
most likely due to setup issues such as phantom
positioning. Because a non-standard ACR-type phantom
was employed, no formal ACR acceptance thresholds
were implemented. All systems performed well at low
contrast.

Fig. 13. Graphical representation of Low-contrast object
detectability results for 77 and 7> sequences across several
MRI scanners
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Fig. 14. Low-contrast object detectability evaluation on
Siemens Magnetom Altea (1.5T) system with 7;-weighted
images

The results of poor low-contrast detectability, in which
differentiation between soft tissues with identical signal
intensities becomes unreliable is shown in Fig. 15.
Images from c-f exhibit blurring at structure boundaries,
whilst a lover set of images with a green arrow shows
how delicate anatomical characteristics can be lost or
seem blurred when contrast detectability is insufficient.
Such distortions make it difficult to distinguish small
lesions and clinical abnormalities.

Fig. 15. MRI images showing degradation in low-contrast
detectability — blurring of fine anatomical details, particularly
at the edges of structures [9]

3.2.3 High-contrast spatial resolution

High-contrast resolution was assessed using line-pair
patterns, with the highest group still distinguishable
(Fig. 16). The AAPM standards employ dot phantoms,
but the basic principle remains: in this phantom bars
must be recognisable at ~1-pixel separations. The
highest possible level was group 6.2. The 1.5T systems,
Siemens Magnetom Altea (Fig. 17) and Philips Ingenia
Prodiva, achieved 6.0-6.2 in 7; and 7>, demonstrating
constant high resolution. The 3T Siemens Magnetom
Skyra measured group 5 in 7; and improved to group 6
in T>. The lower 7; result might be due to setup or
protocol issues rather than a hardware defect; repeated
tests would reveal whether this is systematic.
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High-contrast resolution

6.0 62
T T2
i VAltea (1.5T

MR sc: E ries
Fig. 16. Graphical representation of High-contrast spatial
resolution results for 77 and T sequences across several MRI
scanners

6.0 62
T

T2

1 Prodiva (1.57

Fig. 17. High-contrast spatial resolution evaluation on
Siemens Magnetom Altea (1.5T) system, with 7> -weighted
images

High-contrast spatial resolution determines edge
sharpness and the visibility of fine anatomy. When it
decreases, finding tiny lesions, vascular anomalies, or
cortical thinning becomes more difficult, compromising
diagnosis and surgical planning. Fig. 18 demonstrate the
effect — blurring boundaries and unclear edges where
sharp resolution is expected (red arrows).

Fig. 18. Assessment of high-contrast spatial resolution using
brain MRI. The reference images a (T;-weighted) and b (T>-
weighted) shows high-resolution, while images c-f produce in
lower high-resolution images [9]
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3.3 Recommendations

According to ACR and AAPM evaluation of image data
requires weekly measurements which should be
performed using ACR phantom testing to assess
geometric accuracy, high contrast spatial resolution, low
contrast detectability, signal-to-noise ratio, image
uniformity and artifact evaluation. Recommendations

for MRI QC according to ACR and AAPM [3, 10]:

o Staff. To reduce variability and track changes, the
same technologist should perform QC. A qualified
medical physicist should review QC logs at least
quarterly and reset action limits after hardware
changes or service. Close collaboration among
radiologists, technologists, physicists, and service
teams ensures consistent QC, rapid issue detection,
and ongoing quality improvement.

e Measurements — baseline. Establish a baseline
from ~10 days of consistent QC using standard
forms; use this data to set scanner-specific control
limits.

e Measurements — QC logs. Record all tests in a
standardized log with baseline values and any
corrective actions. To log technical issues the same
way. Keep logs at the scanner.

e Measurements — sequences. Evaluate both 7; and
T>-weighted protocols for every QC metric to reflect

clinical use and to reveal protocol-specific
weaknesses.

e Performance criteria and action limits. A
qualified medical physicist should set and

periodically review limits based on ACR/AAPM
guidance. SNR is system specific and should meet or
exceed the manufacturer’s baseline. Geometric
accuracy must be within £2 mm (or 2 % for FOV >
25 cm). Uniformity should be >90 % at 1.5T and
>87.5 % at 3T. Percent signal ghosting should be
<2.5 %. Low-contrast detectability with the ACR
phantom should be at least 9 spokes at 1.5T and 37
spokes at 3T. High-contrast resolution is the highest
line-pair level visibly resolved using the
manufacturer or ACR thresholds.

o Corrective actions. If a result exceeds limits, repeat
the phantom scan and review with the medical
physicist and service engineer. If the failure persists,
proceed with a structured investigation of software,
hardware, and environmental factors.
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4. Conclusions

This study developed and tested a standardized
phantom-based MRI QC approach across three systems
used in Lithuania — Siemens Skyra 3T, Siemens Altea
1.5T, and Philips Ingenia Prodiva 1.5T. All scanners
performed within acceptable limits, with differences by

field strength and sequence. Skyra 3T led in 77 SNR but

trailed in 7>, while Prodiva showed the best uniformity,
underscoring the need for consistent acquisition when
comparing systems.

Based on ACR/AAPM guidance, a practical QC
protocol for Lithuanian clinics were proposed — weekly
phantom checks of SNR, PIU, geometry, and resolution,
with baseline values established at installation and
stable acquisition settings for trend analysis. This
protocol  supports routine QC integration and
demonstrates strong alignment with existing ACR and
AAPM procedures. Its adoption as a standardized
framework could enhance consistency and improve
reproducibility across institutions.
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Abstract: PuBe neutrons sources at Experimental
Nuclear Physics Laboratory of the FTMC (Center for
Physical Sciences and Technology) are used in several
activities including neutron activation and different
material irradiation experiments. In this work we address
the neutron flux and dose estimation at different points
outside PuBe neutron sources storage device and in the
new design irradiation chamber at the central channel
dedicated for neutron irradiation experiments. The
characterization of irradiation parameters is needed every
time after reconstruction/ improvement of irradiation
chanell, neutron source or speciments holders. PuBe
neutron sources all together have 4.5:107 n/s of total
activity. Calibration of PuBe neutron flux characteristics
and dose estimation at the irradiation positions was
performed using MCNP6 modelling, which was
validated by neutron activation analysis (NAA) of
irradiated well-known Fe, Al samples inside the central
irradiation channel. The conclusions on the actual
neutron flux energy distribution and model corrections
were drawn. BF3-NP neutron detector was used for dose
rate estimation on the top and side wall of PuBe neutron
sources storage device. The absolute neutron intensity
and dose rates at dedicated irradiation points were
evaluated. Experimentally measured reaction rates inside
neutron sources storage device were in satisfactory
agreement with modelling (MCNP6) reaction rates. The
dose rate for the samples in the dedicated irradiation
position of the central channel was of order of 42 mSv/h.
Neutron dose rate above neutron sources device without
plug measured with BF3-NP neutron detector was 140.6
uSv/h.

Keywords: PuBe neutron source, neutron activation
analysis, MCNP6 modeling, BF3;-NP neutron detector
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1. Introduction

Alpha-neutron sources produce neutrons through the (o,
n) reaction: °Be+ o — '*C -»n+ 2C; —3Betn+ o;
—n+ 30. The Q-value of this reaction is 5.7 MeV and is
shared among the reaction products. The intermediate
state of this reaction is the formation of the compound
nucleus '*C, and neutrons are produced through different
channels.

In the Experimental Nuclear Physics Laboratory at the
Center for Physical Sciences and Technology (FTMC)
the neutrons are emitted by 4 PuBe neutron sources (2
239PyuBe and 2 2**PuBe) all together having 4.5-107 n/s of
total activity according to existing documents. They are
used mainly for educational purposes. They are situated
in the neutron storage device (container filled by
polyethylene) on the first floor of the building which
construction initially was designed to work with various
kinds of radiation. In the neutron laboratory the student
practical works of material irradiation, neutron
activation, life time measurements, coincidence and
other laboratory experiments are performed.

The characterization of irradiation parameters is needed
every time after reconstruction/ improvement of
irradiation chanells, neutron source or speciments
holders change. Resently some reconstruction works
with the central experimental channel pipe replacment
and instalation of the newly designed organic glass
container for 4 individual neutron sources have been
performed in order to improve and enable better control
of the neutron flux. For the acomodation of different
sized specimens the new specimen holder was also
designed. These changes demanded additional
characterization of the wupdated neutron source
instalation. For this reason, the neutron flux intensity and
energy distribution evaluation in the particular positions
dedicated for neutron activation/irradiation experiments
washas been performed. Moreover, external neutron dose
rates using BF3;-NP neutron detector were measured at
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different positions (on the top and side walls) of PuBe
neutron sources storage device. The physical features of
the neutron source are important for planning of the
experiments and for estimation safety and radiation
protection level in the laboratory.

Neutron activation analysis (NAA) and MCNP6
modeling was used for identification of neutron flux
parameters such as neutron flux intensity and energy
distribution similarly as it was provided in [1]. The
samples were irradiated at different positions and by
measuring y spectra the neutron flux intensity was
identified. Peculiar elements with established neutron
capture cross sections — Al roll and Fe powder (in the
petri dish) have been used for neutron activation analysis
to validate neutron activation energy in thermal to fast
neutron range.

2. Numerical simulation

For neutron flux and energy distribution assessment
MCNP6 code [2] and ENDF-VII [3] cross-section
libraries have been used. The simultaneous coupled
neutron-gamma transport calculations have been
performed. MCNP6 has been used for neutron transport
calculation, energy deposition and assessment of the
reaction rates in the samples. The nuclear interaction
(n,y), (n,p) or (n,a) reaction rates (RR) were defined with
the classic Fredholm equation of the first order [2]:

RR =N j o(E)g(r, E)dE 1)
0

where RR; - rate at which reactions are occurring in the

nuclide 7 (reactions/s); N - number of target atoms in the

sample; o(E)- energy-dependent microscopic cross-

section; @(E) - energy-dependent neutron flux in the

sample (n/cm?s).

After solving the integral equation (1) by performing
energy group discretization procedure for neutron flux
and microscopic cross-section calculation in MCNP6 the
average macroscopic values of cand ¢ in the sample and
nuclide i production rate were obtained.

RR; = Noy @)

Nuclide production reaction rate was further used to
obtain number of daughter nuclide atoms (V) after target
nuclide atoms () irradiation in the neutron flux:

N2 SN, 2 5N, 3)

Ny is a function of the production and loss rates (AN,):
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dN, @
dt

where A - decay constant for the daughter nuclide;
A=0,693/T\2, T is the half-life of the reaction.

= Nog— AN,

If the initial concentration of the daughter nuclide N, is
0 at t=0, then the solution of the Eq4. for the number of
daughter nuclides present during the irradiation is:

No -

N0 =X (e 5)
A

The activity 4 of the sample is given by AN. Hence, the

activity (4) at the time of irradiation (#) will be:

A= Nog(l-e ™) (6)

l—e ™ =8 is called the saturation factor, it means

that the induced activity approaches a horizontal
asymptote or saturated activity (A«) for an infinitely long
irradiation time. The (4«) activity is derived from Eq.4:

A, = Nog = AN ,. If the irradiation of samples took

time t; at which the sample of initial activity A was
removed, A« can be calculated as follows;

A

= 7
(1-e*) ?

o0

The reaction rates and the corresponding saturation
activity were calculated for the neutron activation
samples at different locations (different channels and
different heights).

The simplified scheme of the neutron sources storage
container at the Experimental Nuclear Physics
Laboratory is presented in Fig. 1. The neutron source
storage container is the cylindrical well having 0.6 m,
located at 1.8 m depth under the ground, which is filled
by paraffin matrix as moderator. The neutron sources are
placed in central channel of the well and two vertical
experimental channels are situated 15 cm and 20 cm from
the source to obtain different neutron flux characteristics
during irradiation experiments.

Calculated neutron flux in the experimental
channels of the well is presented in Fig. 2. The thermal
flux dominates in all channels. In the Central channel
thermal neutron share is ~68%, in V2 ~62% and in V1
55% with different neutron flux intensity as it can be seen
in Fig. 2a). The neutron flux in the upper and lowest
samples differs by a factor of 2 and the thermal neutrons
part increses in the upper sample by 11% if compared
with lower sample. This is shown in Fig.2 b). It should
be taken into account that the dose rate in irradiation
experiments varies corespondingly.
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Fig. 1. The simplified scheme of the neutron sources container under the ground; b) magnified view of the sample holder with array of
5x5x1cm ABS samples on the top of box with neutron sources.
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Fig. 2. a) Neutron flux spectra in the experimental channels of neutron well; b) neutron flux spectra in the array of 5x5x1cm ABS
samples.
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3. Neutron activation analysis

If the quantitative and nuclear properties of the activated
element in the sample are known the neutron flux ¢
(n/cm?/s), can be obtained from (6) equation [5]:

A-w
¢ = ®)
o-m-N,-a-§
where 4 is activity of the element in the sample at the end
of irradiation (Bq), & - reaction cross section (cm?) , m -
mass of the target element (g), Na — Avogadro's number

(6.023 x 10 molecules/mole), o — fraction of the target
y!

isotope in the sample; S =1—e ™" — saturation factor,

w — atomic weight of the element.

The activity of the isotope can be obtained from the
counts in the total absorption peak in the gamma
spectrum of the sample registered using the high purity
germanium (HPGe) detector [6]. The spectrum of the
gamma radiation is accumulated for a time At long
enough to get reasonable statistics under the total
absorption peak. The time is usually at least one half-life.
The measured activity (4,,) can be determined from the
following equation:

X /At=2, /At
4, =—" ®)
n-é&

where 2'is sum of the counts under the total absorption
peak, 2% is background for the same counting period Az,
n is the gamma transition yield; & — absolute efficiency
of registration in the detector (this value is obtained from
the detector calibration curve at the energy of y emitted
by the sample see equation (12)), which was adjusted
taking into account the MCNP modeling of detector
registration for each sample geometry including the self
absorption, distance, gamma ray coincidence effects,
etc.).

The sample activity also decreases due to radioactive
decay during the measurement time A¢ and it should be
taken into account:

A At

0 =m 9

The sample activity at the beginning of the measurement
(A())Z
-
Ay =A-e ", (10)
where #; is delay time between stop of irradiation and

beginning of the measurement.

From these two equations we can obtain the activity of
the sample A after irradiation:

o At e

=z 11
(l_e—/lAt) ( )
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This calculated activity was used for calculation of the
neutron flux (see 8) in the irradiation channels at certain
irradiation positions. The value of the corresponding
saturation activity is calculated using MOCNP6.
According to the experimental neutron activation results
the certain adjustment of parameters of neutron source
intensity are performed for exact neutron source
representation.

4. Experimental equipment

Gamma-ray spectrometric measurements of the neutron-
activated samples were carried out using HPGe detector
coupled to the MCA Canberra DSA1000 with Genie-
2000 gamma ray spectroscopy analysis software
(Canberra Industries, USA). The HPGe detector was of
GC2520 series by Canberra, USA, with relative
efficiency of 25%, and energy resolution of 1,1 keV at
121.78 keV (*?Eu) and at 2 keV at 1332.5 keV (®°Co).
Absolute detector efficiency has been calibrated for the
each neutron activation sample (Al, Fe) geometry using
MCNP6 modeling technique. The HPGe detector
registration efficiency factors for the neutron activation
products are presented in Fig. 3.

Table 1. Radioactive decay energies, transition probabilities
and half-lives of gamma nuclides used in the neutron activation
experiments.

Gamma ray Probability
transition E (keV) Tiz,d (%)
8Fe(n,g) — °Fe 1099.245 44.49. 56.5
8Fe(n,g) — °Fe 1291.59 44.49 43.2
2TAl(n,g) — Al 1779 2.245 99.98
27Al(n,p) = YMg 843 9.435 71.00
27Al(n,p) = YMg 1014 9.435 29.00
27Al(n,a) — **Na 1368 14.956 99.99
27Al(n,a) — **Na 2754 14.956 99.87
0.16 - . R
0.14 - E
= Efficiency
012 - —— Exponential Fit|
s
2010+ .
=2
<
£ 0.08F R
=
0.06 - R
0.04 - B
0.02 - . R

0 200 400 600 800 1000 1200 1400 1600
Energy, keV

Fig. 3. HPGe detector registration efficiency.

5. Experimental measurements and dose rate
determination

Neutron flux was experimentally validatd by NAA. Flux
calculated using (8) from activated in this flux nuclide
have been determined from its measured gamma activity.
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The NAA experimental results were compared with the
numerical simulation using MCNP code.

Two chemical samples were selected for NAA : 2.3g pure
Al roll sample was irradiated for both thermal and fast
neutron flux characterization, 12g Fe powder in plastic
Petri dish — for thermal neutron characterization.
Representative spectrum of activated Al sample in the
central channel is presented in Fig. 4.

A comparison of experimentally and by simulation
obtained neutron fluxes in the central channel is
presented Table 2. Experimentally obtained thermal
neutron flux is in satisfactory agreement with modeling
(MCNP6) flux for thermal neurons in case of Al sample,
but higher values are obtained for Fe sample. For fast
neutron flux obtained by the numerical simulations gives
higher values (coefficient of 1.4-1.7). This could be
caused by inaccuracies in the model - mismatches
between geometry and real parameters described in the
model, inaccuracies in material composition, and more
different samples for neutron activation analysis should
be performed to find out the correct neutron flux values.
As the higher part of the flux is thermal, we can assume,
that approximately correct neutron flux value 4.5 -107 n/s
is used.

T
1000 4 BAL 1778 keV—= E

Mg, 843.6 keV

27
Mg, 1014 keV 24Na, 1368.8 keV

100 o

Counts

500 1000 1500 2000
E, keV
Fig. 4. Energy dependent gamma ray spectrum of Al sample

activated in the Central channel of the Pu-Be neutron sources.
Al sample measurement time is 993s.

Table 2. The comparison of modeled and experimentally
estimated reaction rates (R) of the neutron activation in the
samples in the Central channel of the neutron storage device.

Sample /reaction o(exp)/o(MCNP)
Al/ Y Al(n,a)**Na 1.4
Al /¥ Al(n,p)*’Mg 1.7
AL/ 2Al(n,g)*Al 1.1

Fe / *®Fe(n,g)*°Fe 5.4

Table 3. Calculated neutron flux and dose rate estimation for
sample at the irradiation positions (h=0) at Central, Vertical I
and Vertical II channels of the neutron storage device.

Channel ¢ (Il'S'ICIIl'z) Nthermal |Nepithermal|  Nfast D:)z;:;/ahte’
C 5.9x104 68 9 23 41.9£0.5
\2! 1.6x104 55 14 31 5.7£0.7
V2 6.1x10° 62 12 26 1.8+0.6

The Properly modeled neutron flux at the sample
irradiation position allows a reliable estimation of the

neutron radiation dose rate to the sample (see Table 3). D
is calculated with MCNP6 using D(E) ICRP74 standard
[7]. The dose rate for the sample in of the central channel
is of order of ~42mSv/h, V1 channel ~6mSv/h, V2
channel ~2mSv/h.

7. Conclusions

External neutron dose rates using BF3;-NP neutron
detector (see Fig.5) was measured at different positions
(on the top and side walls) of PuBe neutron sources
storage device. BF3-NP (Centronic BF3-15EB20/25-
SHV) is BF3 - cylindrical proportional counter, which
neutron measurement energy range: from 0.025 eV to 20
MeV, dose rate measurement range: from 10 nSv/h to
100 mSv/h with underestimation < 10%: 2 uSv.

In table 4 the experimental values of measured neutron
dose rate at different shielding conditions around PuBe
neutron sources storage device and on the top of it is
presented. The maximal values are obtained on the top of
storage device with extracted plug — the dose rate is of
order of 140.6 uSv/h. Also, the dose rate measurement
with Cd plate for thermal neutron absorption estimation
was performed, the epithermal and fast neutron dose is
of order of 120uSv/h. The MCNP modeling of neutron
transport and shielding will be performed in future work.

Table 4. External neutron dose rates using BF3-NP neutron

detector (RSC).
1 24 2.19
2 20 2.28
3 18 1.89
4 20 1.74
5 245 1.14
6 275 0.81
7 30.5 0.78
8 26.5 1.32
9 with inserted plug 0.06
11 without plug 140.6
e

Fig. 5. BF3-NP neutron detector (RSC)
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6. Conclusions

The absolute neutron intensity at dedicated irradiation
points as well as neutron dose rates inside the irradiation
cahnnels and outside PuBe neutron sources storage
device are obtained. Experimentally measured neutron
fluxes are in 2o agreement for Al neutron activation
sample with modelling (MCNP6) calculaetd neutron
fluxes, but less agrrement obtained with Fe powder
sample (most probably due to powder density
underestimation). More neutron activation analysis
experiment with other samples could help establishing
corrected neutron intensity and energy distribution at
sample irradition postions of the reconstructed central
experimental channel with new design organic glass
container for the 4 individual neutron sources and new
design sample holder. According to Al sample NAA
estimations, the dose rate for the sample in the dedicated
irradiation position of the central channel is of order of
41.9+0.5 mSv/h, V1 channel — 5.7+0.7 mSv/h, V2
channel — 1.840.6 mSv/h. The external dose rate
measured with BF3-NP neutron detector above neutron
sources device without plug is order of 140.6 uSv/h, if
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only epithermaand fast neutrons are taken into account
dose rate is of order of 120 uSv/h, on the floor around
neutron sources storage device the dose rate is in the 0.8-
2.3 uSv/h range.
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Abstract: After exposure to radioiodine, the absorbed
dose to the thyroid can be much reduced by blocking its
uptake by stable iodide. This is done when using
radioiodine labelled pharmaceuticals, and also after
nuclear accidents with release of radioiodine. The recent
ICRP biokinetic iodine model was used for radioiodine
as well as for stable iodide to illustrate the importance of
amount of stable iodide and timing of blocking in relation
to the radioiodine intake. Current guidelines for radiation
protection for radioiodine are summarized.

Keywords: iodine, ICRP, biokinetic model, dosimetry

1. Introduction

Radioiodine intake, either orally or by inhalation or
injection, is rapidly distributed in the blood. From the
circulation, radioiodine is to a high extent, 10-40% in
euthyroid humans, taken up by the thyroid gland [1].
Radioiodine is frequently used clinically for diagnosis
(%31, 241, '2I and '1) and treatment ('3'I) of various
diseases. Radioiodide (I) is mainly used for thyroid
diseases [2], while radioiodine labelled pharmaceuticals
are developed for a number if other diseases [3]. These
radiopharmaceuticals are to some extent catabolised in
the body, and radioiodine is often released as iodide. The
radiopharmaceuticals may also contain radioiodide as a
radiochemical impurity.

Radioiodine, primarily '3'I, but also '*2I, '3, 3] and
other isotopes, are also released during nuclear accidents
involving nuclear fission, e.g. at nuclear power plant
accidents [4,5] and also at detonation of nuclear weapons
[6,7]. To reduce unwanted thyroid uptake of radioiodide,
iodine thyroid blocking (ITB) can be utilised, usually by
stable iodide, but also by iodate (IO, or perchlorate
(ClOys) [8,9].

Previous measurements and computer models have
demonstrated the importance of timing between thyroid
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blocking and radioiodine intake and the amount of stable
iodide [10-12].

An improved biokinetic compartment model for iodine
was recently developed by the International Commission
on Radiological Protection (ICRP) [13,14]. The model
includes 30 compartments and 48 transfer coefficients
governing the kinetics of iodine in the adult human body.
It has been used for internal dosimetry in patients
undergoing nuclear medicine investigations using iodine
labelled radiopharma-ceuticals and in case of thyroid
blocking [15, 16].

The aim of this work was to use the ICRP model both for
iodine intake and for stable iodide administration to
illustrate the importance of amount of blocking iodide
and timing in relation to the radioiodine exposure and to
investigate the radiation absorbed dose reduction
possibilities for blocking the uptake of '2*I, '2°I and "3'1.

2. Material and methods

To model the effect of stable iodide administration, the
ICRP iodine model was extended to two parallel systemic
models: one for stable iodine and one for radioactive
iodine. Intake of stable iodine was modelled as a daily
baseline amount of 160 pg [13], with additional amounts
introduced to simulate blocking. The thyroid‘s uptake
rate constant for iodide was described as a function of the
total iodine content within the thyroid gland and reaching
a point when uptake is saturated and suppressed. It was
assumed that 8.35 mg of stable iodine in the thyroid
completely blocks further iodine uptake [8,9]. To
incorporate dynamic blocking, the ICRP thyroid transfer
rate from iodide to organic iodine (95 d! under steady-
state conditions) [11,12] was adjusted linearly over time
so that at 8.31 mg of iodine in the thyroid, Tr=95 d"! and
at 8.35 mg of iodine in the thyroid, it is completely
blocked, which means Tr=0 d!. Organ specific time-
integrated activity coefficients were determined for
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different blocking times relative to an administration of
radioiodine. Organ absorbed doses and the effective dose
were calculated using IDAC-Dose2.1 [17]. Calculations

were performed for 241, °T and '*'1. ITB was simulated
for amounts up to 128 mg of stable I, given up to 2 hours

before and after radioiodine intake, respectively.

Fig. 1. The ICRP generic biokinetic model for iodine. It models both inorganic iodide and organic iodine and is based on a daily intake

of 160 pg of iodine [13,14].
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Fig. 2. Biokinetics for stable iodine. A daily intake of 160 pg iodine was assumed to give a steady state level of 8.31 mg of iodine in
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3. Results and discussion
3.1 Effect of amount of stable I for ITB

The effect of ITB with 32 mg of stable I given at different
time points relative to radioiodine ('>*I, %I and "'I) is
shown in Figure 4. Figure 5 shows the corresponding
effective dose coefficients (mSv/MBq).
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Fig. 4. The effect of ITB with 32 mg stable I given at different
time points relative to radioiodine ('**I and !3') intake,
presented as fraction of dose reduction to the thyroid (1 = no
absorbed dose reduction to the thyroid).

Table 1. Effective dose coefficient, mSv/MBq for various
amount of blocking substance given 1 hour before exposure.

Todine isotope | No blocking | 32 mgl | 128 mg [
124 8.6 0.34 0.25
125] 12.5 0.24 0.09
131 16.4 0.42 0.24

1'% Effective dose coefficent (mSwiMBaq)

Amount of blocking iodide (mg)

3.2. Effect of timing between radioiodine and I'TB

The timing of ITB administration is very important. The
lowest effective dose per ingested activity after 32 mg
stable iodine administration 1 hour before radioiodine
ingestion was 0.34, 0.24 and 0.42 mSv/MBq for %I, 1>’
and ', respectively (Table 1 and Figure 3).
Corresponding data for 128 mg stable iodine was 0.25,
0.09 and 024 mSv/MBq for '>I, ' and U,
respectively.

The optimal time window for taking iodine tablets is
between 24 hours before and up to two hours after
expected intake. Up to eight hours after exposure, it may
still be justified to take iodine tablets. After that, the
benefit is limited.
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Fig. 5. Effective dose after ingestion of 1 MBq '?*I, '°I and 3'1
and ITB with 32 mg of stable I at different time points relative
time of radioiodine ingestion.
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Fig. 6. Effective dose (mSv) as a function of blocking amount of I (mg) and time (day) before (t<0) or after (t>0) intake of 1 MBq '*'I.
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3.3. Comparison with results of earlier studies

The ICRP biokinetic model separates the uptake of
inorganic iodide from its incorporation into organic
molecules. The thyroid‘s uptake rate has been described
as a function of its total iodine content and reaching a
point when uptake uptake is saurated and suppressed.
The work by Kwon et al. [16] uses a matemathical
relationship between serum iodide concentration and the
degree of radioiodine uptake suppression. Similar results
regarding timing and required amount of KI have
previously been reported by Ramsden et al. [11], Wotton
and Hammond [10], and Kwon et al. [16].

3.4. Priorities for future work

There is a need to extend the modelling to younger ages
and other groups with significant differences in their
biokinetics [18]. Radioiodine biokinetics should
therefore be further studied in thyroid patients diagnosed
or treated with '3'T or '2I. Furthermore, the model should
cover continuous exposures as in the clinic or during
long-term environmental exposures, such as after the
Chernobyl accident. More data are needed on the optimal
amount and timing for multiple administrations of stable
iodine in case of repeated or protracted releases of
radioactive iodine, and the potential adverse health
effects of stable iodine administration. Research on
feasibility, acceptability and overall effect of use of ITB
on psychosocial outcomes of radiation emergencies
should also be performed.

4. Conclusions

The effectiveness of the thyroid blocking is dependent on
both the amount and timing of supplementary stable
1odide relative to radioiodide administration, and both
parameters can be optimised with the model. The
extended models and supporting computational tools
were implemented, and simulations were performed for
the iodine isotopes 21, %I and *!1. This method enables
more detailed dosimetric assessments and improved
radiation protection strategies in nuclear medicine
applications as well as for radiation and nuclear
emergencies.

5. Appendix

Current recommendations for iodine thyroid
blocking

Al. Recommendations in connection with nuclear
medicine diagnostics and therapy

When 21, 21, 25T or 3! is administered as iodinated
compounds, with or without iodide as a radiochemical
impurity, a significant portion of the effective dose is
derived from irradiation of the thyroid gland. Thyroid
blocking is therefore recommended for all iodinated
compounds not intended for imaging or treatment of the
thyroid gland itself [15,19]. Blocking reduces the
absorbed dose to the thyroid gland when radioiodine is
administered as mIBG, albumin, fibrinogen or other
labeled compounds. Before administering a radioiodine
compound that is metabolised to iodide or that contains
radioiodine impurities, consideration should be given to
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blocking the thyroid gland. Various formulations of
iodide and iodate are available for oral and intravenous
administration. The iodine content of commonly used
blocking agents is: 65 mg of potassium iodide contains
50 mg of iodine; 1 ml of aqueous iodine (Lugol's iodine)
contains 130 mg of iodine.

It should be noted that adverse effects might occur after
high amounts of KI, such as hyper- or hypothyroidism
and allergic and anaphylactic reactions. The incidence is,
however, low and in many cases reversible [20]. If iodine
is contraindicated, thyroid blocking can be performed
with potassium perchlorate (200 mg for adults). Sodium
perchlorate (2 ml vials containing 200 mg for intravenous
use) can also be used [19].

A2. Recommendations in connection with nuclear
emergencies in peacetime

The since long time discussed importance of iodine tablet
intake in connection with releases associated with
accidents at nuclear power plants gained significant
attention after the Chernobyl disaster after which there
was a notable increase in thyroid cancer, especially
among childred exposed to 3'I [20-24].

International guidelines

WHO [25] has developed guidelines for iodine thyroid
blocking in connection woth radiological and nuclear
emergencies. Staying indoors is the primary protective
measure in a radiation hazard situation. Taking iodine
tablets is a supportive measure.

If there is a risk of exposure, iodine tablets are
recommended for people under 40 years of age and for
pregnant and breastfeeding women (Table 2). Children
and pregnant women (fetuses) are particularly sensitive,
which means that these groups should be prioritised if
there is a shortage of iodine tablets. lodine tablets should
only be taken at the request of the competent authorities.
lodine prophylaxis is obligatory when the predicted
thyroid dose levels are above 500 mSv for adults and
above 50 mSv for children and pregnant women. These
doses refer to the initial stage of the accident or to a one-
week period after the accident.

Since KI provides protection for approximately 24 hours,
it should be administered daily until the risk is no longer
present. If primary public health protection measures
(evacuation, protection, and control of the food supply)
cannot be implemented immediately, multiple doses of
KI may be required, sometimes up to 7—14 days. Unless
other protective measures are available, repeated
administration to pregnant women and neonates is not
recommended. KI tablets can be stored and are effective
for up to 12 years if stored in a dry place and at a
temperature between 15 and 30 degrees C.

Nordic guidelines

The Nordic guidelines [26] apply for off-site
preparedness and response for a nuclear or radiological
emergency in peacetime, irrespective of the cause. They
represent a common Nordic view on how the
internationally accepted radiation protection principles
apply in the Nordic countries, within the framework of
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national regulations. The Nordic guidelines apply for the
preparedness stage and emergency response, up until the
transition from, and termination of, a nuclear or
radiological emergency. The guidelines focus on such
protective actions and other response actions where there
is a need for cross-border alignment within the Nordic
region. This includes actions relevant to implement:
1.at larger distances from a facility (e.g. nuclear power plant),
i.e. beyond the emergency planning zones; and
2.in the event of an emergency arising from activities and acts
where the location is not known beforehand, such as nuclear
powered vessels at sea.
Dose criteria for intake of pre-distributed ITB are: 50
mSv equivalent dose to the thyroid gland for adults, and
10 mSv equivalent dose to the thyroid gland for infants
and children (< 18 y).

Table 2. Recommended amount of stable iodine for various age
roups [25].

Mass Mass of Mass of | Fraction of
Age of 1 KI (mg) KIO; | tablet with | How often?
(mg) 8 mg | 100mg1
Neonates Single intake
0-1 month 12.5 16.3 21 1/8 only
1-36 Daily, crushed
months 2 323 42 14 in food/fluids
3-12 years | 50 65 85 172 Daily
Over 12 Daily
years. 100 130 170 1
adults

National guidelines

National recommendations for iodine tablets differ from
country to country [27], but are all primarily focused on
their use during radiological emergencies such as nuclear
power plant accidents. They emphasise the importance of
taking the tablets only after instructions from the national
authorities and focus on various amounts for differnt age
groups.

A3. Nuclear weapon detonation

In the event of the worst nuclear and radiological disaster,
a nuclear attack on the own country or a neighboring
country in the event of war, the public in the risk area for
radioactive fallout is urged to seek protection in a shelter.
Taking iodine tablets is not normally a justified
protective measure in the event of a nuclear weapon
detonation [26]. The reason is that the fallout contains
only a small amount of radioactive iodine compared to
other radioactive materials that will harm people via
external exposure.
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Abstract: Hybrid SPECT/CT combines functional and
anatomical information, enhancing diagnostic accuracy
in nuclear medicine. Optimising CT acquisition
parameters is essential for reliable attenuation correction
and quantitative assessment. This study aimed to evaluate
the impact of CT acquisition parameters on attenuation
correction and image quality in SPECT imaging using a
9mTc source. CT acquisition parameters, injected dose,
and attenuation mapping strongly influence SPECT/CT
image quality. Minor inaccuracies were linked to
attenuation coefficients, underscoring the need for
further studies on reconstruction algorithms.

Keywords: SPECT; SPECT/CT; attenuation correction;
size distortion.

1. Introduction

In diagnostic imaging, maintaining high image quality is
essential for accurate clinical assessment. Hybrid single-
photon emission computed tomography/computed
tomography (SPECT/CT) has become an integral tool in
quantitative nuclear medicine, particularly in patient-
specific dosimetry. Its primary role is to enable precise
attenuation correction of SPECT data through the CT
component, thereby improving quantitative reliability
while adhering to the ALARA (As Low As Reasonably
Achievable) principle to minimize ionizing radiation
exposure. During CT acquisition, it is therefore important
to optimize imaging parameters in order to reduce
radiation dose without compromising the anatomical
fidelity required for attenuation correction, lesion
localization, or volumetric assessment. Striking an
appropriate balance between image quality and patient
safety thus remains a key challenge in the development
of SPECT/CT imaging protocols, especially in
applications involving lung imaging with *™Tc¢ tracers
[1-4].

In nuclear medicine, functional imaging techniques
provide information on physiological activity and
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underlying  biological processes. By integrating
anatomical data, it becomes possible to determine the
exact location of radiotracer uptake observed on scans.
This localization is critical for distinguishing normal
physiological uptake from pathological findings. Once an
abnormality is detected, accurate anatomical correlation
greatly enhances diagnostic confidence and facilitates
optimal treatment planning [5,6].

From a clinical perspective, precise measurement of lung
nodule size is particularly important. Small differences in
diameter or volume can determine whether a lesion is
classified as benign, malignant, or indeterminate, directly
influencing patient management. Furthermore, accurate
anatomical correlation in hybrid imaging supports
radiation therapy planning, assessment of treatment
response, and early detection of recurrence.
Consequently, understanding how imaging parameters
affect the reliability of nodule size quantification is of
significant clinical relevance [7,8].

A further methodological challenge in nuclear medicine
research is the evaluation of image acquisition time and
data quality. Systematic investigation of shortened
acquisition protocols cannot be performed through
repeated scans of the same human subject due to ethical
considerations, the additional imaging burden, and the
effects of radiotracer decay. Similarly, phantom studies
are subject to the constraints of radioactive decay and
scanner availability. For these reasons, methodological
approaches that allow the resampling or re-binning of
acquisition data into variable time frames are required to
simulate shorter scan durations and assess their impact on
image quality and quantitative accuracy [9,10].
Phantom-based studies provide a controlled and
reproducible environment to evaluate these factors. By
using anthropomorphic phantoms containing nodules of
known size and composition, it is possible to
systematically investigate the influence of CT acquisition
parameters on size measurement bias and volumetric
distortions in hybrid SPECT/CT imaging. This approach
avoids the ethical and biological limitations associated



Kristina Repse et al. / Medical Physics in the Baltic States 17 (2025) 61-64

with patient studies, while enabling detailed analysis of
scanner performance and protocol optimization.
Therefore, the aim of this study is to evaluate the impact
of CT acquisition parameters on size distortions in hybrid
SPECT/CT imaging of lung nodules using *™Tc, based
on a phantom experimental model.

2. Methods and Methodology
2.1. Study design

This experimental, phantom-based study was designed to
evaluate the effect of different CT acquisition parameters
on attenuation correction and image quality in hybrid
SPECT/CT imaging of lung nodules. The use of a
phantom allowed precise control over nodule size,
radiopharmaceutical activity, and imaging conditions
without the variability associated with human subjects.

2.2. Phantom specification and preparation

An anthropomorphic phantom (LUNGMAN; Kyoto
Kagaku, Kyoto, Japan) was used to simulate the adult
chest (Fig. 1). The phantom provides lung-equivalent
regions and anatomically realistic thoracic structures,
enabling reproducible placement of lesions within the
lung fields.

5

Fig. 1. An anthropomorphic phantom “Lungman”

Artificial lung nodules were created using Eppendorf
tubes of three volumes (0.2 ml, 1.0 ml, and 1.5 ml)
(Fig.2.). Each tube was filled with *™Tc¢ activity 10, 20,
and 30 MBq, respectively, to model different tracer
accumulation. Prepared nodules were positioned in
predefined locations within the left and right lung
compartments to simulate variable lesion sizes and
activities.

Fig. 2. Eppendorf tubes of three different volumes

2.3. Imaging protocol

CT acquisition: Four CT protocols were tested,
consisting of 100 kV and 120 kV tube voltages combined
with 20 mA and 40 mA tube currents. Slice thickness,

matrix size, and reconstruction kernel were kept constant
to isolate the influence of kV and mA.

SPECT acquisition: SPECT imaging was performed
using AnyScan SC hybrid SPECT/CT (Mediso, 2020)
system equipped with a low-energy high-resolution
(LEHR) collimator. The spatial resolution of the
SPECT/CT system used in this study was 7,4 mm
FWHM. An energy window of 140 keV + 10% was
applied for **™Tc. Data were acquired with a 128x128
matrix over 60 projections, with an acquisition time of 30
seconds per projection. SPECT images were
reconstructed using iterative OSEM algorithms with 6
iterations and 10 subsets, including attenuation and
scatter correction. Acquisition parameters were kept
constant across all experiments to ensure comparability.

2.4. Image reconstruction and processing

CT data were reconstructed using standard filtered back-
projection, and attenuation correction was applied to the
corresponding SPECT datasets. SPECT images were
reconstructed with attenuation, scatter, and resolution
recovery corrections.

2.5. Image analysis

All images were processed using open-source software:

e ImageJ for two-dimensional measurements, signal
intensity, and signal-to-noise ratio (SNR)
calculations.

e 3D Slicer for volumetric visualization and
quantitative assessment of lesion size, volume
distortions, and contrast recovery.

Signal-to-noise ratio (SNR) was calculated as:

SNR = __ Stesion 1))
Obackground

where Siesion 1S the mean signal intensity within the lesion,
and Opackground 1S the standard deviation of background
counts.
Size distortion (%) was assessed using:

Size distortion(%) = Lmeasured—Vrue 5 100 (2)

Vtrue

where Vmeasued 1S the nodule volume measured on
SPECT/CT, and Vi is the known physical volume of
the Eppendorf tube.

2.6. Statistical analysis

Quantitative parameters and image quality metric (SNR,
noise levels, size distortions) were compared across
different CT acquisition settings. Statistical analysis was
performed using Microsoft Excel (Microsoft
Corporation, USA). Descriptive statistics, including
mean values, standard deviation, and percentage
differences, were calculated to summarize the results
obtained from ImageJ and 3D Slicer measurements.
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3. Results

3.1. Dependence
parameters

of SNR on CT acquisition

Analysis demonstrated that SNR was strongly influenced
by CT tube voltage and tube current settings (Table 1).

Table 1. Dependence of SNR on CT parameters

Nodule Nodule size Nodule
CT protocol size 0.2 size 1.5
1.0 ml

ml ml
100 kV/20 mA 5.4 9.3 13,0
100 kV/40 mA 6,0 10,5 14,7
120 kV/20 mA 7,9 11,5 15,7
120 kV/40 mA 10,3 15,5 17,2

Lower-dose protocols (100 kV / 20 mA) produced the
lowest SNR values, particularly for the smallest nodules
(0.2 ml), where the signal was highly affected by noise.
Increasing either tube voltage (to 120 kV) or tube current
(to 40 mA) improved SNR by up to 90 % compared with
the lowest-dose protocol. The effect of CT acquisition
parameters was most pronounced in small nodules, while
larger nodules (1.5 ml) exhibited relatively stable SNR
values across different CT settings (Fig.3).

g Nodule size 0.2 ml Nodule size 1.0 m| e===e=== Nodule size 1.5 ml
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Fig. 3. Dependence of SNR on CT parameters
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Fig.4. Dependence of SNR on the activity of the node

3.2. Dependence of SNR on nodule activity

SNR also depended on the injected activity of the
nodules. At 10 MBq, SNR was lowest for all nodule
sizes, with the greatest variability seen in the smallest
nodules. Increasing the activity to 20 and 30 MBq
significantly improved SNR, with average increases of
125% and 311% compared to 10 MBq. Larger nodules
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demonstrated higher baseline SNR values, but the
relative improvement with increasing activity was more
evident in the smaller nodules, confirming that activity
amount plays a critical role in image quality (Fig.4).

3.3. Nodule size distortion in CT imaging

Assessment of measured versus true nodule volumes
revealed systematic size distortions, particularly for the
smallest nodules (Table 2).

The 0.2 ml nodules were consistently overestimated, with
relative errors reaching up to 60% depending on the CT
protocol. For 1.0 ml nodules, the distortion was smaller
(on the order of 11%), while 1.5 ml nodules showed
minimal differences (<7%). These findings indicate that
partial volume effects and noise contribute substantially
to the overestimation of small nodule volumes, while
larger nodules are less affected by CT acquisition
parameters (Fig.5).

Table 2. Distortion of Nodule Size in CT Imaging
Nodule .
true CT Measured | Absolute | Relative
protocol volume error error
volume |\ v A) (ml) (ml) (%)
(ml) ’
100 kV / N
0,2 20 mA 0,32 0,12 60%
120kV / o
0,2 40 mA 0,21 0,01 5%
100 kV / 0
1 20 mA 1,11 0,11 11%
120kV / o
1 40 mA 1,03 0,03 3%
100 kV / o
1,5 20 mA 1,6 0,1 7%
120kV/ N
1,5 40 mA 1,53 0,03 2%

B Measured volume (ml)

1,5
1
; En m

100 kV /20 120 kV /40 100 kV /20 120 kV /40 100 kV /20 120 kV / 40
mA mA mA mA mA mA

Nodule true volume (ml)

N}

Volume, ml

0.2 02 1 1 1,5 1,5
Fig. 5. Nodule size distortion in CT imaging

4. Discussion

This study demonstrated that CT acquisition parameters
and nodule activity significantly affect SNR and size
accuracy in SPECT/CT imaging. Higher tube voltage and
current improved SNR, particularly in small nodules,
while lower-dose protocols resulted in substantial noise
contribution. These findings suggest that CT settings
must be carefully optimized to balance image quality and
radiation exposure.

The observed dependence of SNR on nodule activity
highlights the importance of sufficient radiotracer
concentration, especially for nodules below 1 ml, where
partial volume effects and image noise have the greatest
impact. Similar trends were reported by phantom studies
demonstrating that reconstruction parameters—including
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the number of iterations and scatter correction weight—
significantly influence both quantitative accuracy and
SNR in SPECT imaging using *™Tc [11].

Volume distortion was most pronounced in the smallest
nodules (0.2 ml), consistent with partial volume effects
and resolution limitations. Studies using IEC phantoms
have shown substantial underestimation of regional
uptake in small volumes (<10 cm), underscoring similar
size-dependent distortions observed in our data [12;13].
The underlying mechanism—signal blurring for
structures smaller than approximately twice the
FWHM—has been well characterized in both SPECT
and PET systems [12;13].

Additionally, recent research employing the LUNGMAN
anthropomorphic phantom confirmed that CT acquisition
settings (e.g., kV and mA) significantly affect size and
density measurements of pulmonary nodules, offering a
valuable parallel to our findings [14].

The main limitation of this study is the use of a lung
phantom, which cannot fully replicate patient-specific
anatomical variations and motion artifacts. Moreover,
only one reconstruction method was evaluated. Future
work should include patient datasets and advanced
reconstruction algorithms to better assess clinical
applicability.

Overall, the results indicate that optimizing CT protocols
and ensuring adequate radiotracer activity are crucial for
accurate attenuation correction and reliable nodule
quantification in hybrid SPECT/CT imaging.

4. Conclusions

This phantom-based study demonstrated that CT
acquisition parameters and nodule activity significantly
influence image quality and quantitative accuracy in
hybrid SPECT/CT imaging. Higher tube voltage and
current settings improved the signal-to-noise ratio,
particularly for small nodules, while low-dose protocols
were associated with greater image noise and increased
size distortion. Adequate radiotracer activity was also
essential for reliable quantification, with insufficient
activity leading to substantial SNR degradation.

Size distortions were most pronounced in nodules <0.2
ml, reflecting partial volume effects and resolution
limitations, whereas nodules >1.5 ml showed minimal
deviations from their true size. These findings highlight
the importance of carefully optimizing CT protocols and
ensuring sufficient radiotracer activity to achieve
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accurate attenuation correction and volumetric
assessment in SPECT/CT imaging.

Future studies should focus on patient datasets and
advanced reconstruction techniques to validate these
results in clinical practice and further reduce inaccuracies

in hybrid imaging.
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Abstract: The demand for more radiological diagnostic
procedures in nuclear medicine departments is rapidly
increasing alongside the expanding indications for
positron emission tomography (PET). During 2024,
about 2000 PET exams were performed at the Hospital
of the Lithuanian University of Health Sciences - Kauno
Klinikos. PET imaging requires short half-life positron
emitters bound to specific molecules, which may either
indicate the level of glucose metabolism within tumor
cells ("®F-FDG) or bind to tumor-specific receptors,
located in prostate (®Ga-PSMA) or neuroendocrine
(®Ga-DOTATATE) organs and tissues. In Q3 2024,
studies using ®Ga-PSMA and -DOTATATE were
introduced, also at the end of Q1 2025 in-house
production of ®F-FDG was launched in the country’s
first cyclotron. This highlighted the need to access the
potential increase in occupational exposure, particularly
among radiochemists, who work in the “F-FDG
synthesis laboratory or perform elution and radiolabeling
of ®Ga. The aim of this study was to evaluate the
equivalent dose for lens of the eye Hp(3) and hands
Hp(0.07), as well as the effective whole body dose
Hp(10), measured by thermoluminescent, optically-
stimulated luminescence (OSL) and electronic
dosimeters. The acquired exposure data were compared
with data from the previous quarter in order to determine
the effect of these new procedures on occupational
exposure of the personnel working in the department.

Keywords: nuclear medicine, occupational exposure,
PET, dosimetry, radiochemistry.

1. Introduction

The use of radiopharmaceuticals in clinical practice is
rapidly increasing due to their ability to precisely
determine the spread of disease [1].
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Radiopharmaceuticals generally consist of a radionuclide
and a vector that enables targeted delivery. Positron
emitters are particularly useful for diagnostic purposes.
During positron-electron annihilation in tissues, two
parallel photons are produced which enables precise
localization of lesions and offers superior sensitivity
compared to the widely used ***Tc-based compounds [2].
Common positron emitters are '°F, %Ga, N, and !''C.
Among these, '8F is the most widely used for clinical
purposes. When labeled with the glucose analogue FDG,
the tracking of higher metabolic activity in cancerous
tissue becomes possible [3]. There is also a high demand
for %Ga-labeled radiopharmaceuticals such as %Ga-
PSMA for prostate cancer imaging [4] or ®Ga-
DOTATATE for staging neuroendocrine tumors and
deciding on treatment strategies [5]. ®*Ga-PSMA can be
successfully used in a theragnostic approach alongside
7TLu-PSMA to assess the response to therapy [6].

Despite the significant advantages of positron-emitting
radiopharmaceuticals such as '8F-FDG, their production
is considerably more complex than that of
radiopharmaceuticals used in Single Photon Emission
Tomography (SPECT) for example *™Tc based
compounds. The synthesis of '®F-FDG in the Hospital of
the Lithuanian University of Health Sciences - Kauno
Klinikos is carried out in fully automated synthesis
module housed in shielded hot cells. The radiochemical
transformations — fluoride trapping, nucleophilic
substitution, hydrolysis, purification, and formulation —
are performed automatically using ABX cassettes, and
reagent kits. Manual intervention is limited to
preparatory steps such as loading reagent vials,
positioning cassettes, or attaching prepared cartridge
prior to synthesis. Most of the occupational exposure
occurs not during synthesis itself, but rather at
subsequent stages: when the final product vials are
removed from the hot cell after dispensing, when
containers are transported for clinical use, and during
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mandatory quality control procedures. When performing
QC tests — radiochemical purity, residual solvents, pH,
sterility — outside the synthesis modules, radiochemists
are most exposed to the radiation due to the high activity
concentration of '®F-FDG radiopharmaceutical [7].

In  contrast, the preparation of ®Ga-based
radiopharmaceuticals using ®Ge/®®Ga generators in
combination with pre-prepared commercial kits is
operationally simpler. Nevertheless, the method requires
a higher degree of manual handling. Generator elution to
the reaction vial, addition of buffer solutions, measure of
the final radiopharmaceutical vial with dose calibrator,
and sampling for quality control — all require direct
intervention by the radiochemist. The manual
manipulations with the kit are typically performed in
shielded cabinets but still bring the operator’s hands near
radioactive material. In addition, radiochemists get
radiation exposure during quality control test
(radiochemical and radionuclidic purity along with pH).
As a result, despite the relative simplicity of kit-based
synthesis, manual operations remain the principal source
of occupational radiation exposure during ®Ga
radiopharmaceutical preparation.

In Q3 2024, the first studies using **Ga-PSMA and **Ga-
DOTATATE were fully introduced at the Hospital of the
Lithuanian University of Health Sciences — Kauno
Klinikos. This introduction increased the number of
manual operations performed by radiochemists
synthesizing these radiopharmaceuticals. Furthermore, in
Q1 2025, in-house production of ¥F-FDG was launched
at the country's first cyclotron, expanding the scope of
procedures for radiochemists even further. This raises the
question how the occupational exposure of radiochemists
was affected after the introduction of new procedures for
the synthesis of PET radionuclides. To answer this
question, the equivalent dose for the lens of the eye, Hp
(3), and hands, Hp(0.07), as well as the effective whole-
body dose, Hp(10), were measured using
thermoluminescent, optically-stimulated luminescence
and electronic dosimeters. The acquired exposure data
was compared to data from the previous quarter to
determine the effect of these new procedures on the
occupational exposure of personnel working in the
department.

2. Materials and Methods

Doses of radiochemists working in the nuclear medicine
department were monitored using thermoluminescent
ring dosimeters (AWST-TL-TD70), optically-stimulated
luminescence personal dosimeters (Landauer InLight),
and electronic dosimeters (Polimaster PM1610B).
Equivalent dose for the lens of the eye Hp(3) and hands
Hp(0.07), as well as the effective whole body dose
Hp(10) were monitored quarterly for one year, from Q2
2024 to Q2 2025. Dose and dose rate evaluations during
single synthesis using electronic dosimeters were
performed from Q4 2024 to Q2 2025.

The number of working radiopharmacists varied from 4
in Q2 2024 to 6 in Q2 2025. Therefore, a collective dose
evaluation was performed to account for the varying
workload.
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Initially, the department only used 'F-FDG for PET
examinations, which was produced at another facility.
The synthesis of ®Ga-based radiopharmaceuticals
(PSMA, DOTATOC) was fully introduced in Q3 2024
using a *®*Ge/*®*Ga generator (1.91 GBq on April 11,
2024). At the end Q1 2025, two new *Ge/**Ga generators
(1.85 GBq on March 5, 2025) were introduced,
increasing the number of “*Ga examinations two-fold
(two syntheses per day), while the number of *F-FDG
investigations remained relatively the same. Also, at the
end of Q1 2025, in-house synthesis of '®F-FDG was
introduced into the radiochemists' routine using 'F
produced at the facility's cyclotron (10-12 patients per
day, 11 Gbq of "8F-FDG ready for infusion on average).

3. Results and discussion
3.1. Collective doses

Quarterly collective ring doses (Hp(0.07)) and collective
effective doses (Hp(10)) for radiopharmacists working in
the facility are depicted in Fig. 1 and Fig. 2, respectively.
Collective dose, instead of personal doses, was selected
because the number of radiochemists working in the
department changed during the time of this study. This
could significantly influence the acquired doses because
of the workload share among the radiochemists. The use
of collective dose helps to account for this workload-
sharing factor.
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Fig.1. Collective ring doses (Hp(0.07)) of radiochemists
working in the facility.
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Fig. 2. Collective effective doses (Hp(10)) of radiopharmacists
working in the facility.

The lowest collective ring dose of 44.53 mSv and
effective dose of 0.2 mSv were recorded during Q2 2024,
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a period when radiopharmacists were not involved in the
preparation of PET radiopharmaceuticals. In Q3 2024,
the production of “Ga-based radiopharmaceuticals
(PSMA, DOTATOC) was fully introduced. This
significantly affected the registered collective doses. The
ring dose increased by 28% to 57.11 mSv, while the
effective dose remained stable at 0.2 mSv, despite the
workload being relatively the same (Fig. 3). This
indicates that the main factor in the increase in collective
ring dose is the introduction of ¢*Ga-based
radiopharmaceuticals into the radiochemists' work
routine.

During Q4 2024, the registered collective ring dose was
23% lower (46.26 mSv) compared to Q3 2024, likely due
to better mastery of **Ga-based radiopharmaceutical
synthesis. Once again, the number of performed
radiologic examinations remained relatively the same.
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Fig. 5. Median effective doses collected by a single
radiochemist
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However, the collective ring dose was still slightly higher
than in Q2 2024, when radiochemists were not involved
with PET radionuclides. This indicates that improved
handling of ®*Ga synthesis techniques does not entirely
eliminate the additional doses collected by
radiopharmacists. Regarding the collective effective
dose, the introduction of ®*Ga radionuclides did not have
a significant impact, as the effective dose remained low,
close to the minimal detection limit.

Collective ring and effective doses significantly
increased after introducing "*F-FDG synthesis into the
radiopharmacists' routine at the end of Q1 2025.
Compared to the previous quarter (Q4 2024), the ring
dose increased by 13%, and the effective dose increased
by 75%. However, the registered effective dose was still
very low (0.35 mSv), well below the annual limit (20
mSv).

Contrary to the case with introduction of ®®Ga-based
radionuclides (2024 Q4), the registered ring and effective
doses did not decrease in the next quarter after
introduction of F-FDG synthesis. Compared to Ql
2025, the collective ring dose at Q2 2025 increased by
16%, and the effective dose increased by 29%. This could
be attributed to the radiochemists' higher workload, as
two new ®*Ge/*®*Ga generators were put into use in the
department at the end of Q1 2025, and number of PET
scans increased by 49%.

Table 1. Dose rate and effective dose during synthesis of ®Ga
radiopharmaceuticals

Eluation QC
Average | Maximum Average Maximum Hp(sl\?)’
dose rate, dose rate, dose rate, dose rate, "
uSv/h uSv/h uSv/h uSv/h
2024Q4 1.02 1.77 16.92 312.78 0.78
2025Q1 1.39 3.58 7.41 336.62 0.77
2025Q2 7.66 53.83 22.59 211.33 2.72

3.2. Personal doses

The dynamics of doses collected by a single radiochemist
(Fig. 4-5) generally resemble the dynamics of collective
doses, except for Q2 2025, where a reduction in both ring
and effective doses was noted. This could be attributed to
a higher workload share among radiochemists because an
additional radiochemist was hired during this quarter.
The absolute collective ring doses were well below the
yearly limit for workers (500 mSv), and effective doses
did not reach even 1 mSv. However, the acquired results
may not accurately represent the maximum dose the
hands could have received [8]. For a better estimation of
fingertip doses, a multiplication factor of 6 was applied,
based on research on dose assessment strategies for the
tips of fingers in nuclear medicine [9]. During the one-
year tracking period, the calculated median fingertip dose
was 296 mSv, which is still below the yearly limit.
Starting in Q1 2025, eye doses were also monitored - the
registered doses were near the minimal detectable limit
of the dosimeter (0.25 mSv) for all radiochemists.
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3.3. Single procedure doses

Additionally, dose rate and effective dose monitoring of
radiochemists were performed at a single-procedure
level. The synthesis procedures for ¢Ga-based
radiopharmaceuticals were chosen over "*F-FDG because
they involve more manual operations.

M Eluation QcC
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3
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0 - = ==
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Fig. 6. Average dose rates during elution and QC steps of
synthesis of ®*Ga-based radiopharmaceuticals

With electronic dosimeters, registered doses and average
dose rates varied significantly during the investigation
period (Table 1, Fig. 6). This can be attributed to the fact
that two new %Ge/°*Ga generators were put into use in
the department at the end of QI 2025, which
approximately doubled workload involving ®Ga
radiopharmaceutical production. Dose rate and dose
analysis with the two new generators started in Q2 2025.
In Q2 2025, doses collected during a single synthesis
increased substantially comparing to previous quarters
from 0.77-0.78 uSv to 2.72 uSv. The measured average
dose rates during elution and quality control (QC) also
increased and reached 7.66 pSv/h and 22.59 puSv/h,
respectively. The registered maximum dose rates during
the QC procedure remained similar, but the maximum
dose rate during the elution phase increased substantially,
from 1-3 puSv/h to 53.83 uSv/h.
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4. Conclusions

The addition of PET radionuclide synthesis procedures to
radiochemists' routines has a significant impact on their
radiation exposure, even with varying workloads that
affect individual doses and limited amount of data. This
is supported by the increase in collective and personal
doses observed after these new procedures were
introduced. Despite the increase of dose, the acquired
data shows that both extremity and effective doses
remain within regulatory limits.
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Abstract: The study investigates the influence of Q.Clear
reconstruction algorithm parameters on SPECT/CT
image quality. Using “Jaszczak” and NEMA IEC body
phantoms, the study evaluates the impact of B and y
regularization coefficients on image quality parameters
such as uniformity, noise, contrast, resolution, contrast
recovery coefficient, and background variability. Results
show that there is no universal parameter; rather, optimal
values depend on the task. The findings emphasize the
importance of adapting reconstruction parameters to
specific goals to enhance SPECT/CT image quality.

Keywords: SPECT/CT, Q.Clear, image reconstruction, f3
parameter, y parameter.

1. Introduction

Single photon emission computed tomography/computed
tomography (SPECT/CT) has become an essential tool in
modern nuclear medicine, providing both functional and
anatomical information for diagnosis and therapy
planning. Since its clinical introduction more than 20
years ago, advances in hardware and software have
significantly improved image quality and quantitative
accuracy. In particular, the emergence of digital SPECT
cameras with cadmium-zinc-telluride (CZT) detectors
has led to better sensitivity and spatial resolution
compared with conventional Nal(T1)-based systems [1].
Reconstruction algorithms play a central role in image
quality. Early methods such as filtered back projection
(FBP) have been gradually replaced by iterative
techniques, most notably ordered subsets expectation
maximization (OSEM) [2]. Iterative methods allow
incorporation of physical models such as attenuation,
scatter, and collimator response, improving image quality
compared to analytic techniques [3]. However, OSEM
reconstructions are limited by noise amplification at
higher iterations, requiring a trade-off between
quantitative accuracy and image appearance [4].

To address these limitations, regularized iterative
algorithms have been developed. One such is Q.Clear,
originally introduced for PET imaging and later adapted
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to SPECT/CT systems such as the GE StarGuide.
According to its inventors from GE Healthcare Q.Clear
employs a penalized likelihood approach with two
tunable parameters: B, which controls the degree of noise
suppression, and y, which regulates edge preservation
[4]. By balancing these parameters, Q.Clear allows
flexible adjustment of image properties, potentially
leading to improved diagnostic performance.

While Q.Clear has been extensively studied in positron
emission tomography (PET), its application in
SPECT/CT is recent, and systematic evaluation of its
parameters is limited. SPECT images are more
susceptible to noise and scatter than PET, meaning that
parameter optimization cannot be directly transferred [5].
Therefore, the aim of this study was to investigate the
influence of Q.Clear reconstruction parameters 3 and y
on SPECT/CT image quality.

2. Materials and methods
2.1. Phantoms and Preparations

Two quality control phantoms were employed: the
“Jaszczak” Flangeless Deluxe phantom that simulates
uniform and cold region imaging to assess uniformity,
noise, contrast, and spatial resolution; NEMA IEC body
phantom that simulates uniform and hot region imaging
with hot spheres for CRC and BV evaluation. Both filled
with Tc-99m activity concentrations following standard
protocols: ~400 MBq activity in the “Jaszczak™ phantom
and 8:1 sphere-to-background ratio in the NEMA IEC
body phantom (200 MBq in the background and 170
MBq mixed in 1 L of water and filled into the spheres)
[6-7]. Activities were measured using a calibrated
activity meter with uncertainty assessments performed.
2.2. Acquisition and Reconstruction

SPECT/CT image acquisitions were performed with a
12-detector GE Healthcare StarGuide CZT system, using
386 projections per detector with energy windows
centered at 140.51 keV £10%. The matrix and pixel size
were 256x256 and 2.46 mm, respectively. Acquisition
length was 30 min for the “Jaszczak” phantom and 15
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minutes for the NEMA IEC body phantom. Helical CT
parameters were 120 kV, 80 mA, 3.75 mm slice
thickness. Images were reconstructed with the Q.Clear
algorithm varying B (0-12.8) and y (0-64) parameters
independently, using 150 iterations and 2 subsets without
additional filtering, including attenuation and sensitivity
(BySens) corrections.

2.3. Image Quality Assessment

“Jaszczak” phantom image analysis was done according
to international guidelines using Image] Fiji with a
dedicated IAEA NMQC plugin combined with a custom
macro: [8]

Uniformity (Equation 1): differential and integral
uniformity calculated in the useful and central field of
view (UFOV, CFOV) [8].

countsSygx—CountSyin

(M

Uniformity =

countsmax+countsmin

Noise (Equation 2): root mean square (RMS) noise from
uniform phantom regions [9].

RMS noise = % x 100, 2

where o — standard deviation of the signal;
1 — mean of the signal.

Contrast (Equation 3): signal ratio between cold spheres
and hot background in the “Jaszczak” phantom [8].

Contrast = :LL_S X 100, 3)
b
where p; — mean of the signal of the ROI;
U, — mean of the signal of the background.
Spatial Resolution: visually determined smallest

resolvable rods in the “Jaszczak” phantom cold rods
section.

The regions of interest (ROI) positions were determined
using the CT information of the phantom images.
NEMA IEC phantom image analysis was done according
to international guidelines using Image] Fiji with a
custom macro [7].

Contrast recovery coefficient (CRC) and background
variability (BV) (Equation 4 and Equation 2): computed
from NEMA IEC phantom hot sphere and background
ROIs. BV is calculated by the same equation as RMS
noise.

Bs_4
CRC = @—
ap
where g — mean of the signal of the ROI;
Up —mean of the signal of the background;
ag — activity concentration of the hot spheres;

a, — activity concentration of the background.

x 100, 4)

3. Results
3.1 Jaszczak phantom

Results showed a clear dependence of image quality on
the B parameter.
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CFOV uniformity improved with higher p values (Fig.
1). Noise was significantly higher at the start of the
range, but it decreased as 3 was increased. However, the
decrease plateaued after B value 3.2 (Fig. 2). The contrast
and resolution were highest at lower B values (Fig. 3), the
resolution completely deteriorating after f§ value 1.6 (Fig.
4).

Dependence of various uniformities on the value of
the B coefficient.
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Fig. 1. Dependence of various uniformities on the value of the
P coefficient.
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Fig. 2. Noise dependence on the value of the B coefficient.
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Fig. 3. Contrast dependence on the value of the
coefficient for different size spheres.

Fig. 4. Jaszczak phantom cold rods section with different
B coefficient values.

The y coefficient influenced edge sharpness: higher y
values slightly decreased contrast (Fig. 5) while
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increasing noise (Fig. 6) and worsening uniformity (Fig.
7). However, image resolution was slightly improved
(Fig. 8). The overall impact of y coefficient on the image
quality parameters was weaker than that of the [
coefficient.
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Fig. 5. Contrast dependence on the value of the y
coefficient for different size spheres.
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Fig. 6. Noise dependence on the value of the y coefficient.

Dependence of various uniformities on the value of
the y coefficient
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Fig. 7. Dependence of various uniformities on the value
of the vy coefficient.

Fig. 8. Jaszczak phantom cold rods section with different
vy coefficient values.

Overall, optimal balance in the “Jaszczak” phantom was
achieved at intermediate [ values combined with
moderate vy.

3.2 NEMA IEC body phantom

For hot spheres, CRC decreased with increasing B,
indicating worse recovery of true activity concentrations
(Fig. 9). Similarly, BV also decreased, leading to less
noisy background regions (Fig. 10).
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Fig. 9. CRC dependence on the value of the B coefficient
for different diameter ROIs.
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Fig. 10. BV dependence on the value of the B coefficient
for different diameter ROIs

At low B, small hot spheres were better visualized, but
the background appeared noisy. At high 8, background
was smoother, but CRC was reduced, underestimating
activity in small spheres.

Increasing y coefficient led to increases in CRC and BV,
although they were quite small when compared to
coefficient case.

CRC dependence on the value of the y coefficient for
different diameter ROIs
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Fig. 11. CRC dependence on the value of the y coefficient
for different diameter ROIs.



Klavs Kaspars et al. / Medical Physics in the Baltic States 17 (2025) 69-72

BV dependence on the value of the y coefficient for
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Fig. 12. BV dependence on the value of the y coefficient
for different diameter ROIs.

The vy parameter improved delineation of sphere
boundaries, particularly for bigger size spheres.

3.3 Summary of findings

Low B (0 — 0.4): high resolution and contrast, but noisy
images. Intermediate B (0.4 - 3.2): best compromise
between noise and resolution for most diagnostic tasks.
High B (3.2 - 12): smooth images at the cost of detail and
contrast loss.

No significant impact on SPECT/CT image quality
across the whole y coefficient range was detected,
however, increasing y coefficient led to slight increase
both in contrast and background noise.

These results confirmed the trade-off between noise
suppression and boundary preservation in Q.Clear
SPECT/CT reconstruction algorithm.

4. Conclusions

This study provides the first systematic evaluation of
Q.Clear parameters for SPECT/CT. The results confirm
that the [ parameter primarily controls the noise—
resolution trade-off, while y governs contour
preservation.

The findings are consistent with prior PET studies [10 -
12], where higher § improves noise but reduces CRC and
contrast, and y enhances edge detail. However, the
optimal parameter ranges for SPECT differ due to higher
scatter and lower sensitivity compared with PET.
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Clinically, parameter selection
diagnostic purpose:

e  For tasks requiring detection of small lesions or
high contrast (e.g., bone metastases), lower
values with moderate y may be preferred.

e For tasks requiring uniformity and smooth
appearance  (e.g., myocardial perfusion
imaging), higher § values may be advantageous.

Importantly, no single combination of parameters was
universally optimal. Reconstruction settings should
therefore be tailored to each clinical protocol.

should depend on
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Abstract: Modern dynamic radiotherapy techniques,
such as volumetric modulated arc therapy (VMAT), face
significant challenges due to tumor motion primarily
caused by patient respiration which can compromise
accurate dose delivery and optimal sparing of organs at
risk (OARs). These challenges necessitate complex and
precise dosimetric verification methods. This study
evaluated the impact of respiratory-induced tumour
motion on dose delivery accuracy in VMAT radiotherapy
for 30 lung cancer cases using a 3D diode array system
under static and dynamic conditions. The mean gamma
pass rates were 99.4% under static conditions (3%/3 mm)
and 55.6% under motion-simulated conditions (2%/2
mm). Significant dose variations were observed in the
PTV mean dose, maximum dose, D2%, D95%, D98%
under motion, with corresponding differences in organs
at risk (OARs) further confirming the impact of motion.

Keywords: Lung cancer, VMAT, Respiratory motion,
Dosimetric verification, ArcCheck.

1. Introduction

Accurate dose delivery is critical in advanced radiation
therapy techniques such as intensity-modulated radiation
therapy (IMRT), volumetric modulated arc therapy
(VMAT), and stereotactic body radiotherapy (SBRT),
which achieve highly conformal dose distributions with
steep gradients. However, in thoracic and abdominal
treatments, respiratory motion remains a major source of
uncertainty, causing potential underdosage of the target
and unintended irradiation of surrounding organs at risk
(OARs) [1-4]. Intra-fractional anatomical changes due to
breathing can lead to significant geometric and
dosimetric deviations, particularly in the lung, which is
both a critical OAR and a site prone to large motion
amplitudes [5,6].

Traditional quality assurance (QA) approaches, such as
static phantom measurements and gamma analysis, do
not adequately capture these motion-induced dose
discrepancies [7]. Although internal target volume
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(ITV)-based planning attempts to encompass the full
range of respiratory motion, it cannot fully account for
patient-specific  variability between fractions [§].
Moreover, planned dose distributions are inherently
static and do not represent the time-integrated dose
actually received by a moving target [9,10].

Recent advances in patient-specific QA have introduced
motion-inclusive strategies to better evaluate the
interplay between respiratory motion and dose delivery
[11,12]. Systems like ArcCHECK-3DVH (Sun Nuclear
Corporation, Melbourne, FL, USA) software enable
three-dimensional dose reconstruction using
measurement-guided data, providing a more clinically
relevant verification of the delivered dose [13,14]. When
combined with moving phantoms simulating respiratory
motion, ArcCheck can capture the dosimetric impact of
dynamic anatomical changes [15,16]. This approach
allows comparison between planned and motion-
inclusive reconstructed doses, highlighting the potential
blurring and dose uncertainties that respiratory motion
introduces.

Several studies have demonstrated that respiratory
motion increases dose heterogeneity within the planning
target volume (PTV) and adjacent healthy tissue [17,18].
By capturing the true dynamic nature of dose delivery,
this methodology enhances the confidence in complex
treatment techniques and supports the development of
safer, more effective motion management strategies in
radiotherapy [19,20].

This study aimed to evaluate the impact of respiratory
motion on dosimetric accuracy using ArcCheck
dosimetry in a motion-inclusive setup. By simulating
realistic breathing patterns with a moving phantom and
performing three-dimensional dose reconstruction, the
discrepancies between planned and delivered doses were
quantified in lung and thoracic treatments. This analysis
will provide valuable insights into the dosimetric
consequences of respiratory motion and inform strategies
for improving motion management QA in clinical
practice.
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2. Methods and materials
2.1 Preparation of VMAT plans

In this section, a total of 30 VMAT treatment plans for
lung cancer patients were created using the Eclipse 15.6
Treatment Planning System (Varian Medical Systems,
Palo Alto, USA). Treatment planning was performed
using 6 MV photon beams delivered by a Varian
TrueBeam linear accelerator with HD120 MLC (high-
definition multi-leaf collimator. The VMAT plans were
optimized for full and partial arcs, including 1-2 full arcs
or up to 2 half arcs per plan, with arc rotations ranging
from 179° to 181° in both clockwise (CW) and
counterclockwise (CCW) directions. The Photon
Optimizer algorithm was used to simultaneously
optimize MLC (maximum leaf speed 5 mm/deg and 2.5
cm/s), dose rate (up to 600 MU/min), and gantry speed
(maximum 72 s/turn, =5°/s) to achieve the desired degree
of modulation. Dose calculations were performed using
the Anisotropic Analytical Algorithm (AAA) with a 2.5
mm grid resolution. The treatment plans achieved the
clinical requirement of delivering at least 95% of the
prescribed dose to 95% of the PTV, with maximum target
dose (Dmax) kept below 110% of the prescription dose.
Organs-at-risk (OARs), including the right and left lungs,
PRV spinal cord, spinal cord, esophagus and heart were
contoured, and dose constraints were applied based on
QUANTEC guidelines.

2.2 ArcCHECK-3DVH system

The dose distributions were verified using the
ArcCHECK-3DVH system. The ArcCheck phantom is a
cylindrical 3D diode array consisting of 1,386 diodes,
each with a detector size of 0.8 x 0.8 mm?, arranged
helically at 10 mm intervals around a 21 cm diameter
cylinder. To derive a patient-specific 3D dose
distribution from ArcCheck measurements, the 3DVH
software version was used, which incorporates an
internal computation algorithm known as ArcCheck
Planned Dose Perturbation (ACPDP) [17]. This process
requires a set of inputs: the reference DICOM RT plan,
CT images, structure set, DICOM RT dose data
(representing the TPS-calculated dose for both the patient
and the ArcCheck phantom), and the ArcCheck
measurement file. The ACPDP algorithm executes
several steps: (a) aligning the planned data with the
ArcCheck’s virtual inclinometer data, (b) generating a
relative 3D dose distribution on a uniform cylindrical
phantom for each sub-beam, (c) adjusting the relative
dose using the ArcCheck measurements to create a 3D
absolute dose within the phantom, (d) calculating the
voxel-by-voxel ratio of reconstructed to TPS-calculated
dose within the phantom, and (e) applying these ratios to
perturb the patient’s original TPS dose distribution [16].
The resulting reconstructed dose grid maintains the same
resolution as the original TPS dose. A key benefit of
3DVH is its ability to compute gamma passing rates
across the full irradiated volume and individually for
each region of interest (ROI). By comparing measured
and planned planar doses, 3DVH determines
discrepancies, which are then back-projected into the
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treatment plan to generate an adjusted 3D dose
distribution that accounts for per-field QA errors.
Additionally, because the ArcCheck diode spacing is less
dense than the grid resolution of the TPS dose, a
proprietary interpolation method called
"Smarterpolation" is applied. This enables 3DVH to
compute 3D gamma index maps for the entire plan,
evaluate DVH differences for individual structures, and
compare gamma indices between the planned and
perturbed dose matrices.

Gamma analysis was performed using dose difference
(DD) and distance-to-agreement (DTA) criteria set at
3%/3 mm, 3%/2 mm, and 2%/2 mm, with a threshold
level of 10%. The analysis utilized absolute dose values
in combination with the gamma method to determine the
v passing rates between measured and calculated dose
distributions. Using the 3DVH software, the percentage
dose difference (DD, %) was calculated for both the
planning target volume (PTV) and surrounding normal
organs. For each PTV, the predicted values from the
ArcCheck Planned Dose Perturbation (ACPDP)
algorithm—mean dose (Dmean), maximum dose
(Dmax), and doses received by 2%, 95%, and 98% of the
volume (D2%, D95%, and D98%) were compared with
the corresponding values from the treatment planning
system (TPS). For normal tissues, evaluation was based
on their Dmean and Dmax values. The dose difference
percentage (DD, %) was defined as follows:

DD, % = (D3pvu-D1ps)/Dptes X 100 (1)

Dspvu represents the dose by 3DVH, whereas Drps
represents the dose calculated by Eclipse TPS.

...............
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Fig. 1. Overview of the workflow, illustrating the key files,
equipment, and processes involved in 3DVH analysis

2.3 Phantom Setup
Simulation

and Respiratory Motion

To evaluate the dosimetric effects of respiratory motion,
initial dose measurements were performed using a static
setup of the ArcCheck phantom. Subsequent
measurements were conducted under motion conditions
simulating respiratory movement along a single axis. The
ArcCheck phantom was connected to a respiratory gating
robot (Anzai Medical) and mounted on four wheels to
allow movement (fig. 2). It was subjected to sinusoidal
motion in the craniocaudal (CC) direction, which is most
affected by respiration (fig. 3) [20]. A peak-to-peak
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motion amplitude of 20 mm was tested at a frequency of effect indicates motion-induced dose averaging which
15 rpm to simulate realistic respiratory cycles. can reduce the precision of dose delivery.
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Fig. 4. Treatment delivery QA comparison for a patient with (a)
20 mm CC motion and (b) no motion (gamma index criteria of

; 3%/3 mm).
Fig. 2. ArcCheck array setup'before performing dose
measurements. Figure 5 compares the measured dose differences beyond
the £3% dose agreement level for detectors depending
Patiant BraathingMotlon motion conditions. The gray scales represent the dose

distributions and the red/blue points represent gamma
evaluation results, likely where gamma failing points are.
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Fig. 3. The respiratory motion simulation. Cranio-caudal (CC); K

anteroposterior (AP); and lateral (LAT) directions. :

3. Results and discussion N

3.1 Dosimetric analysis b
Before 3D reconstructed dose analysis, the 2D planar Fig. 5. Percent difference in measured dose with (a) and without
dose measured by ArcCheck for all patients’ treatments (b) motion. Blue and red dots represent the detectors that fail

plans was evaluated using SNC Patient software ver. 8.4 the 3%/3 mm gamma index passing criteria.

(Sun Nuclear Corporation, Melbourne, FL, USA). Two
kinds of comparisons were made, the first was a dose
mapping with 2D/3D gamma evaluation and the second
was a DVHs comparison.

Treatment delivery dose map comparison obtained with
and without motion using ArcCheck for a representative
patient is shown in Figure 4. As seen in the figure, the
peripheral planar dose distribution is the integration of
the entrance and the exit dose distributions. The
ArcCheck measurement with motion shows a distorted
dose distribution comparing with the one without motion.
This implies that the intra-fractional motion should be
included in the delivered dose for a moving target. Under
the static condition (fig. 4b), the dose distribution is more
compact and sharply defined. High-dose regions (90%
and above) are concentrated in the target area with
minimal blurring, indicating accurate and consistent dose
delivery without the influence of motion. In the dynamic
condition (fig. 4a), the dose distribution shows visible
blurring and smearing of the high-dose regions. The
darkest regions are less focused, and there is a noticeable
expansion of low-to-mid dose regions (10—60%). This

The static dose map (fig. 5b) shows a compact, well-
defined high-dose region with minimal gamma points,
indicating a high gamma pass rate and accurate,
consistent dose delivery in the absence of motion. In
contrast, the dynamic dose map (fig. 5a) exhibits smeared
high-dose regions and numerous gamma points,
reflecting a lower pass rate and motion-induced dose
inconsistencies, including broader low-dose spread and
reduced precision in target coverage.

Differences in dose distribution are also evident because
the beam delivery was not synchronized with the detected
respiratory motion, and the phase doses were combined
without considering temporal dynamics. During
treatment, individual fields or segments may begin in one
respiratory phase and end in another, leading to dose
contributions from incomplete breathing cycles. This
results in spatial dose variations, commonly referred to
as the interplay effect, which is characteristic of dynamic
delivery techniques such as VMAT. This effect can
manifest anywhere within the treatment field where
multiple points failed to meet the criteria.
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In the profile comparisons (fig. 6), the solid lines and the
dots indicate measured doses without and with motion,
respectively. Comparing profile data, the dynamic profile
generally follows the static profile, but some fluctuations
are visible. In the central high-dose regions, the
agreement is good, although small deviations appear in
the slope and shoulder areas. The low-dose valleys in the
dynamic profile are slightly more scattered, indicating
motion-induced dose blurring. Overall, motion has a
minimal effect on the central axis, and the target dose
remains mostly stable. In the peripheral profile (fig. 7),
the dynamic measurement deviates significantly from the
static curve, especially in the high-dose fall-off and low-
dose tail regions. Motion introduces blurring,
underdosage in peak regions, and spreading of low-dose
areas. Many measured points appear scattered and do not
follow the smooth static profile, confirming motion-
induced dose perturbations. Peripheral regions are more
sensitive to motion due to beam penumbra and dose
averaging effects.

Figure 8 shows detectors dose points deviations in three
different intervals under 3%/3 mm criteria. This indicates
that respiratory motion caused an additional 10.8+ 3.9%
of the detectors to measure a dose difference greater than
3% and 9.2+ 3.1% detectors lower that 3%. That means
78+ 6.1% of dose points stayed within £3%, indicating
notable dose inaccuracy. Without motion, 95.7 + 1.9% of
doses were within £3%, with almost no large deviations
beyond +3% of irradiated dose.

Additionally, the averaged maximum dose deviations
due to motion factor were 26.9% + 5.9% with motion and
without motion — 7.7% =+ 2.1% respectively. Comparing
with several VMAT SBRT plans calculated with
Flattening Filter Free (FFF) 6 MV energy, maximum
dose differences increased to 44% with motion versus 14
% without motion.

Figure 9 shows the averaged gamma passing rates at the
diode level (2D) and the 3D gamma passing rates
calculated by using the 3DVH software for static and
dynamic conditions. Under static conditions, both
ArcCheck (2D) and 3DVH (3D) systems exhibited high
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gamma pass rates (>92% for 2%/2 mm) with minimal
standard deviations (<2.1), indicating that planned and
delivered doses are highly consistent in the absence of
motion.

However, dynamic conditions, which simulate the effect
of target motion due the respiration, resulted in clinically
unacceptable gamma pass rates. ArcCheck (2D) pass
rates dropped from 99.4+0.6% (static, 3%/3 mm) to
75.14£8.6% (dynamic, 3%/3 mm), and from 96.3+£1.7% to
57.6£8.9% for the stricter 2%/2 mm criterion. 3DVH
(3D) showed a similar pattern, with reductions from
97.8+1.1% to 71.6+9.6% (3%/3 mm) and 92.6+2.1% to
53.1£10.1%  (2%/2mm). These decreases of
approximately 20-40% demonstrate that motion
introduces significant deviations between planned and
delivered dose distributions. As it was mentioned this
indicates that intrafraction motion can lead to
inconsistent dose delivery, likely due to interplay effects
between moving targets and multileaf collimator (MLC)
modulation in dynamic treatments.
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Fig. 8. Averaged detector response to dose difference.
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Fig. 9. Averaged gamma passing rate under different condition.

In summary, the data show that motion strongly degrades
dose agreement, both by lowering average gamma pass
rates and by increasing variability. These results
underscore the critical importance of motion
management strategies, such as gating or tracking, to
maintain dose accuracy during dynamic radiotherapy
delivery.

3.2 DVH analysis

Figure 10 illustrates the dose—volume histogram (DVH)
comparison between static and motion-affected dose
distributions for a lung cancer case. Solid lines represent
the dose calculated in the treatment planning system
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(TPS), while dotted lines correspond to the measured
dose using a moving ArcCheck with the ACPDP
algorithm applied to patient CT structures. It shows that
variable dose differences can occur in the real volumes
of the target and OARs under the moving organ
condition. Overall, the dynamic DVHs (dotted)

demonstrate reduced PTV coverage, increased dose
heterogeneity, and higher OAR exposure, consistent with
the quantitative dose difference data. These findings
underscore the detrimental effect of respiratory motion
on dose conformity and organ sparing, emphasizing the
need for motion mitigation strategies such as gating or
tumor tracking in lung radiotherapy.

Fig. 10. Calculated DVH data of lung cancer patient by TPS
(solid) and 3DVH with motion effect (dashed).

The figure 11 compares sagittal (A, B) and axial (C, D)
dose distributions calculated by 3DVH ACPDP
algorithm for a lung cancer patient with and without
respiratory motion simulation.

— R = =" ]
Fig. 11. Dose distribution comparison of lung cancer patient
without motion (A,C) and with motion (B,D).

Table 1 shows averaged percentage dose difference for
lung cancer patient the for target and normal organs
under dynamic and static conditions calculated by 3DVH
ACPDP algorithm.

The evaluation of dose delivery under static and motion
conditions highlights the significant impact of respiratory
motion on radiotherapy accuracy for lung cancer patients.
Quantitative analysis from ArcCheck measurements
revealed that respiratory motion caused a clear increase
in dose discrepancies for both the planning target volume
(PTV) and organs at risk (OARs). Under static
conditions, dose differences were minimal, with PTV
mean deviations below 2% and low variability (SD <
1%), reflecting highly consistent dose delivery. In
contrast, under dynamic conditions simulating
respiration, the PTV exhibited substantial deviations,
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with Dmean rising to 4.45% and Dmax to 9.86%,
accompanied by much higher standard deviations. This
indicates both underdosage at the tumor periphery
(D95% and D98%) and localized hotspots caused by the
interplay between tumor motion and beam modulation.

Table 1. Averaged percentage dose difference for target and
normal organs under dynamic and static conditions.

Dynamic
(Respiration
simulation) Static
Structure Parameter | DD,% SD DD,% SD
Dmean 445 2.65 1.61 0.62
Dmax 9.86 7.52 2.64 221
D2% 5.88 431 2.32 0.74
D95% 791 3.44 3.36 0.85
PTV D98% 8.02 3.58 2.49 0.66
Dmean 235 1.21 0.65 0.25
Right Lung Dmax 9.76 7.86 2.32 1.24
Dmean 2.62 1.46 241 0.54
Left Lung Dmax 8.33 5.06 4.24 1.84
PRV _spinal Dmean 6.32 443 1.25 0.98
cord Dmax 11.84 8.81 2.10 0.75
Dmean 6.35 4.38 1.28 1.12
Spinal cord Dmax 11.86 8.94 1.34 1.14
Dmean 5.28 3.77 2.65 0.23
Esophagus Dmax 8.13 7.17 4.12 0.34
Dmean 5.58 4.67 2.24 1.95
Heart Dmax 6.43 4.83 3.14 1.66

Organs at risk were also adversely affected by motion.
The spinal cord and its PRV experienced the largest
increases in Dmax, reaching nearly 12% under motion
compared to approximately 2% in static conditions. The
lungs, esophagus, and heart showed elevated low-to-
intermediate dose exposure and greater dose variability,
consistent with an increased risk of radiation-induced
toxicity. These findings are visualized in the DVH
comparison (fig. 10), where dynamic (dotted) curves
shift leftward for the PTV, indicating reduced target
coverage, and upward for OARs, indicating increased
exposure.

The dose distribution maps further confirm these
observations. In the static condition, the high-dose
regions conform tightly to the PTV with a steep fall-off,
minimizing dose to surrounding tissues. Under motion,
dose blurring and smearing are evident, resulting in
poorer target conformity and the extension of low-to-
intermediate dose regions into surrounding lung tissue
and mediastinal structures. Hotspots in the spinal cord
and esophagus become more pronounced, aligning with
the quantitative dose differences and DVH deviations.

4. Conclusions

This study demonstrates that respiratory motion has a
substantial and clinically significant effect on dose
delivery accuracy in VMAT for lung cancer. Under static
conditions, both ArcCheck and 3DVH systems achieved
high gamma pass rates (>95% for 3%/3 mm) with
minimal variability, confirming excellent agreement
between planned and delivered doses. In contrast, the
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introduction of simulated respiratory motion led to a
marked reduction in gamma pass rates (decreasing by
20-40%), pronounced dose blurring, and increased
variability in both PTV and surrounding OARs. 3DVH
reconstructions revealed that motion-induced interplay
effects reduced target coverage (D95% and D98%),
increased hotspots within the PTV, and elevated Dmax
values for critical OARs such as the spinal cord and
esophagus. These findings underscore the need for robust
motion management strategies including respiratory
gating, tumor tracking, or motion-inclusive planning, and
highlight limitations of conventional VMAT QA, which
assesses only machine accuracy. The proposed dynamic
QA process, integrating ArcCheck-3DVH with motion-
simulated phantom measurements, enabled clinically
relevant evaluation of dosimetric effects in moving
anatomy. This approach provides a valuable tool for
detecting motion-induced uncertainties and for
developing safer, more accurate thoracic radiotherapy
protocols.
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Abstract: The aim of this study is to systematically
evaluate how different RapidPlan™ model configuration
parameters affect the quality and clinical acceptability of
prostate simultaneous integrated boost (SIB) treatment
plans. A total of 28 RapidPlan™ models were generated,
each model tested on 3 different CT datasets. Plans were
assessed based on target volume (PTV) coverage, organ-
at-risk (OAR) volume compliance with dose-volume
criteria, and dosimetric verification. As a result, the most
effective RapidPlan model configuration was identified.
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SIB, clinical plan acceptability.

1. Introduction

Prostate cancer is the fourth most common cancer
worldwide, and radiotherapy is one of its main treatment
methods [1]. Volumetric modulated arc therapy (VMAT)
with simultaneous integrated boost (SIB) is increasingly
used for prostate irradiation, offering reduced exposure
of organs at risk (OARs), shorter treatment times, and
improved biological effectiveness [2].

If radiotherapy is prescribed, the initial step involves
topometric imaging to localize the tumor. Subsequently,
organs at risk (OARs) are delineated, the target volume
is defined, the prescription dose is determined, a
treatment plan is generated, and dosimetric verification is
performed. In 1.2% of cases, repeated topometric
imaging and re-planning are required prior to treatment
initiation. The most frequent causes of repeated
topometric imaging include patient positioning errors
(11.73%), anatomical changes (9.86%), and rectal filling
variations (8.45%) [3]. Anatomical variations and organ
filling differences are influenced by the interval between
topometric imaging and treatment commencement [4].
The use of RapidPlan™ has been shown to reduce
planning time by approximately 50% compared to
manual optimization [5], thereby shortening also the
interval between topometric imaging, treatment initiation
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and minimizing the likelihood of anatomical changes.
RapidPlan™ has demonstrated the ability to generate
clinically acceptable plans for single-target treatments
such as lung [6] and prostate [5] cancers, as well as for
simultaneous integrated boost (SIB) plans [7]. While
several studies have investigated the application of
RapidPlan™ [7], the influence of model configuration
parameters — including the number of training plans,
selected plan structures, applied dose constraints, and
optimization objectives — on the clinical quality and
dosimetric validity of prostate SIB plans has not yet been
systematically evaluated.

2. Methods

To configurate RapidPlan™ model parameters, an initial
selection of plans should be performed. When selecting
plans to configure the RapidPlan™ model, a number of
conditions need to be met: 1) the plans define several
target volumes with different prescribed doses, 2) the
prescribed dose is the same for all plans, 3) dose is
delivered to all target volumes at the same time - planning
is done using the SIB technique, 4) the plans are clinically
appropriate (dose to target areas meets V(100%) > 95%,
all organ dose constraints are met), 5) Plan dosimetric
verification results meet the Gamma criterion of
2%/2mm for more than 97% evaluated points.

All plans were based on CT images acquired using a
Discovery RT CT scanner. Treatment planning was
performed in Eclipse 17.0, configured for a Varian
TrueBeam 2.7 linear accelerator.

For model training, 45 clinically acceptable SIB
treatment plans with prescribed doses of 2.4/2.85/3 Gy %
20 fractions = 48/57/60 Gy were selected. Treatment
plans were optimized to meet the following dose
constraints: rectum V20 Gy <85%, V30Gy <57%,
V40 Gy <38%, V50Gy <22%, bladder V40.8 Gy
<50%, V48.6 Gy <25%, V60 Gy <5% and femoral
heads V40.8 Gy <50% [8].

For optimization, additional structures were created,
including PTV and OAR overlap regions, OAR
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substructures outside the PTV, and a ring structure

surrounding the target with lowest prescribed dose.

To evaluate the impact of RapidPlan™ configuration

parameters on plan quality, 28 models were created and

grouped into four categories:

1. Training set size — models were built with different
numbers of training plans while keeping other
parameters constant. Starting with the minimum
requirement of 20 plans (model M1.0), additional
models used 30 (M2.0) and 40 (M3.0) plans.

2. Structures included in optimization — variants of
the 20-plan models (M 1.0, M1.1, M1.2) were created
with progressively added structures: OAR and PTV
overlap volumes (M1 OVL), OAR structures
excluding PTV (M1 OAR), additional auxiliary
structures (ring, small intestine) (M1 RING).

3. Dose restrictions — based on the best-performing
baseline models, additional variants were generated
by including: dose constraints for OAR—-PTV overlap
regions (M1 _RES-1), dose constraints for OAR part
outside PTV (M1 _RES-2), additional PTV dose
limits (M1_RES-3).

4. Optimization criteria — using the best structural and
restriction configurations, model M4.0 was built and
further modified: manual prioritization based on
observed correlations (M4.1), manual prioritization
according to clinical practice (M4.2), normal tissue
objective (NTO) set automatically (M4.3), NTO
defined manually (M4.4).

For model validation, three sets of 3D CT images from
patients without prior radiotherapy plans were selected.
All test plans were generated using two arcs in opposing
directions, 6 MV photon energy, and a non-rotated table
position. For each plan only one optimization cycle was
performed.
To assess clinical acceptability, each model validation
plan was normalized that 95% of the prescribed dose
(57Gy for PTV_3/60) covered 100% of the PTV_3/60
volume. Dose — volume histograms (DVHs) were
evaluated for organs at risk (OARs) using the
corresponding clinical dose-volume criteria. For the
PTVs: 95 % of the prescribed dose had to cover 100 % of
each PTV (D100% > 95 %), and the maximum dose had
to remain below 107 % of the prescription and be located
within PTV_3/60.
The minimum and maximum PTV dose values represent
point-specific information. As part of the study, it was
also decided to analyze the PTV_2.85/57 and
PTV_2.4/48 sub-volumes receiving <95 % of the
prescribed dose. For this purpose, the 95 % isodose
structure Vosy, was generated and intersected with each
PTV Vpry. The underdosed volume V<osy, was defined as
the difference and expressed as a percentage Ve, of the
PTV volume (1).
V%:VPTV_V95% 100 (1)
Vprv
Volumes Vo, below 1 % were considered clinically
insignificant, as the under-covered regions are most often
located between the 3D CT image slices — above the
superior PTV boundary or below the inferior PTV
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boundary. The same approach was used to compute the
PTV volume receiving >107 % of the prescribed dose.
Although the ALARA principle is applied in clinical
practice to minimize the dose to organs at risk (OARs),
the aim of this study was to determine whether the
respective dose-volume criteria were fulfilled at all.
Therefore, only criteria that were not met were included
in the assessment of OARs. For each non-compliant
criterion, the absolute deviation between the calculated
volume receiving the specified dose Vpun and the
reference volume defined by the criterion Vriwerion Was
determined. Based on these deviations, the root-mean-
square error (RMSE) was calculated (2) in order to
quantify overall deviation of OAR dose—volume
parameters from the clinical acceptance criteria.

RMSE _ \/E(Vcriterion_ Vplan)Z’

x @
where n - the number of dose-volume criteria not met for
the OARs.

Dosimetric verification of the treatment plans was
performed using Varian EPID (Electronic Portal Imaging
Device) portal dosimetry. The plans generated with the
RapidPlan™ model were recalculated with the Varian
PDIP (Portal Dose Image Prediction) algorithm to obtain
a verification dose distribution, which was subsequently
measured using the EPID detector integrated in the linear
accelerator. The measured and calculated dose
distributions were compared using gamma analysis. A
gamma criterion of 2 mm/2 % with a minimum of 97 %
of points meeting the criterion was applied, and it was
additionally verified that the maximum gamma index did
not exceed 3,5.

As part of the RapidPlan™ model evaluation, the
repeatability of selected models was assessed by testing
their ability to produce consistent results. Using the same
3D CT dataset and the respective RapidPlan™ model, six
separate plans were generated. The DVH points
corresponding to the dose—volume constraints were then
compared. To quantitatively evaluate repeatability, the
relative standard deviation (RSD) was calculated
according to equation (3), expressing the standard
deviation (SD) of the dose or volume values at the
evaluated DVH points relative to their mean value Viean.

SD

RSD = 100

3)

mean

3. Results

In the first group, three RapidPlan™ models (M1.0,
M2.0, and M3.0) were generated using 20, 30, and 40
plans for model training. All models used identical
configuration parameters. In the optimization the original
OAR structures and automated priority assignment for
optimization were used. For OAR optimization, dose-
volume constraints were set as DVH objectives
restrictions. Dose—volume restrictions for the target
volumes were consistently applied, ensuring D100% >
95% and Dmax < 105%. The normal tissue objective
(NTO) parameters were set according to values most
commonly used clinically for prostate SIB plan
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optimization: distance from target border 0,3 cm, start
dose 95%, end dose 30%, and a fall-off coefficient of
0,05.

The PTYV results for the plans generated during model
testing are shown in Figure 1. The bar graphs represent
the mean value of minimum dose Dmin for each of the
three target volumes across the models, while the green
line indicates the corresponding dose—volume constraint.
As shown in Figure 1, the Duin for PTV_3/60 meets the
criterion in all models, as the plans were normalized to
this value. For PTV_2.4/48, the minimum dose falls short
of the criterion by an average of 1,46 Gy, and for
PTV_2.85/57, itis on average 3,47 Gy below the required
value.

57,00

60

40 143,91
20

10

0

PTV_2.4/48
= M10

Fig. 1. PTV dose in models with different training set size
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The calculated PTV volumes receiving less than 95% of
the prescribed dose or more than 107% range from
0,012% to 0,915%, and can therefore be considered
negligible. Within the model plans, areas receiving less
than the prescribed dose are primarily located in PTV
regions overlapping the bladder and rectum. Increasing
the number of training plans results in a larger
underdosed volume in PTV_2.85/57, whereas the
underdosed volume in PTV_2.4/48 remains unaffected.
All dose—volume criteria for the bladder were achieved.
The bladder volumes in the plans were, on average,
20,78% lower than the limit for V40.8Gy < 50%, 2,43%
lower for V48.6Gy < 25%, and 3,78% lower for V60Gy
< 5%. In contrast, the only rectum dose—volume criterion
met by all models was V20Gy < 85%.

The rectum dose—volume criteria V30Gy < 57%, V40Gy
< 38%, and V50Gy < 22% were not met in any plan.
Specifically, V30Gy < 57% was exceeded on average by
2,97%, V40Gy < 38% by 3,66%, and V50Gy < 22% by
4,51%.

The volume deviation of OARs from the dose—volume
constraints for the first group of models is shown in
Figure 2. As illustrated, increasing the number of plans
used for model training reduces the OAR volume
deviations from the constraints.

vio [ 5,91
v2o [ 5,59
vso [ /51

0,0 2,0 4,0 6,0 8,0
RMSE of OAR volume deviations from criteria, %

Fig. 2. First model group: RMSE of OAR volume deviations
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Second model group are models with different
structures included in optimization. This group is
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based on three models trained with 20 plans: M1.0, M1.1,
and M1.2, using the same structures as the first group
(M1). Derived models were created by progressively
adding structures, but other model configuration
parameters (training set size, dose—volume restrictions,
priority asignment type, NTO parameters) remaining the
same:

e M1_OVL included PTV and OAR overlap regions
(PTV_bladder and PTV_rectum) with restriction
Dmax < 60 Gy to reduce hot spots.

e M1_OAR included only OAR parts outside the PTV
(Bladder-PTV, Rectum-PTV) with mean dose
restrictions (17 Gy for bladder, 21.5 Gy for rectum) to
improve dose—volume compliance.

e M1_RING added structures near but outside the
target (Ring, Small intestinum) with mean dose
limits (3,5 Gy and 1 Gy) to reduce high-dose regions.

The PTYV results for the second model group‘s plans are
shown in Figure 3. On average, an additional 1,52 Gy is
required to meet the PTV_2.4/48 criterion, whereas 4,23
Gy is needed for PTV_2.85/57. The figure shows that in
the M1 _RING model, the minimum dose received by
PTV_2.85/57 is substantially lower (on average by 3,40
Gy) compared to the other models. The minimum dose
for PTV_2.4/48 is comparable across all models
(SD=0,56 Gy), although it is slightly lower in the
M1 _RING model.

57,00

Daose,

PTV_2.4/4
—_—

Fig. 3. PTV dose in models with different structures 1ncluded
in optimization
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In models M1, M1 _OVL, and M1 _OAR, the PTV
volume receiving doses below the prescribed level is
<1%, ranging from 0,004% to 0,869%. For the
M1 _RING model, this underdosed volume increases to
over 1% (V%(PTV_2.85/57) = 1.664%). Addlng OAR
structures with dose constraints, while keeping PTV
limits unchanged, can reduce OAR doses but may also
slightly compromise PTV coverage. Therefore, for this
subgroup, the impact on OAR doses will be further
evaluated.

All bladder dose—volume criteria were met. On average,
bladder volumes were 21,98% below the limit for
V40.8Gy < 50%, 4,26% below for V48.6Gy < 25%, and
4,10% below for V60Gy < 5%. For V48.6Gy < 25%,
bladder volumes decreased with the addition of more
optimization structures. The lowest V60Gy < 5% volume
occurred in M1_OVL, where fewer additional structures
allowed the plan to better reduce high doses in the PTV
and overlap regions.
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For the rectum, only V20Gy < 85% was met in all
models, with volumes on average 7,21% below the limit.
The criteria V30Gy < 57%, V40Gy < 38%, and V50Gy
< 22% were not achieved in any plan, exceeding the
limits by 2,48%, 3,95%, and 4,83%, respectively.
Overall, analysis of the OAR results (Figure 4) shows
that the addition of supplementary optimization
structures reduces the volume deviations from the dose—
volume constraints.

V1 I 5,85
vMiovl I ©,78
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Fig. 4. Second model group: RMSE of OAR volume deviations

The third model group includes models with different
dose restrictions. These models are based on the
M1 RING models. In model M1_RES-1, additional
gEUD limits (g =38, D =58 Gy) were applied to the PTV
and OAR overlap regions, but this resulted in increased
OAR deviations. In M1_RES-2, stricter mean dose limits
were selected for OAR regions outside the PTV (from 17
Gy to 15 Gy for Bladder—PTV and from 21,5 Gy to 20
Gy for Rectum—PTV) and applied together with Line type
restriction to further reduce OAR doses. In M1_RES-3,
the upper PTV_3/60 dose limit was reduced from 105 %
to 103 %, while the lower limits for PTV_2.4/48 and
PTV_2.85/57 were increased from 95 % to 100 %, and
the mean dose limits for Bladder—PTV and Rectum—PTV
were returned to 17 Gy and 21.5 Gy to support improved
PTV coverage.

The PTV results for the models with different dose
restrictions are shown in Figure 5. On average, the
PTV_2.4/48 criterion falls short by 2,10 Gy and the
PTV_2.85/57 criterion by 6,47 Gy. In the models
prioritising OAR sparing (M1_RING, M1 _RES-1 and
M1 _RES-2), the minimum dose for all targets is similar
(SD = 0,25% for PTV 2.4/48 and SD = 0,08% for
PTV_2.85/57). As illustrated in the figure 5, model
M1 _RES-3 provides improved target coverage: the
minimum dose for PTV_2.85/57 is on average 1,5 Gy
higher and for PTV_2.4/48 on average 2,0 Gy higher
compared with the other models.

PTV_2.85/57
) M1 _RING e M1_RES-1 —3 M1_RES5-2 M1_RES-3 — @= Dose constraint

Fig. 5. PTV dose in models with different dose restrictions

PTV_2.4/48 PTV_3/60

In models M1 OAR, Ml RES-1 and MI1_RES-2,
underdosed regions were observed in both PTV_2.4/48
and PTV_2.85/57 (0,000% - 1,664%), and in
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PTV_2.85/57 the volume exceeded 1% of the target. This
is due to strict OAR dose limits forcing a reduction of
dose to the target during optimisation. When stricter PTV
dose constraints were introduced (M1 RES-3), the
underdosed volume in PTV_2.4/48 decreased to <0,1 cm?
(0,000%) and in PTV 2.85/57 to 0,275%, which is
clinically negligible.

As in the previous model groups, all bladder dose—
volume criteria were fulfilled. The bladder volumes
were, on average, 23,51% below the limit for V40.8Gy <
50%, 5,28% below for V48.6Gy < 25%, and 3,26%
below for V60Gy < 5%. The highest bladder volumes
were obtained in model M1 RES-3, with the most
pronounced difference (= 2,5%) observed for the V60Gy
< 5% criterion.

For the rectum, only the V20Gy < 85% criterion was
achieved in all models (on average 13,11% below the
limit). The V30Gy < 57% criterion was met in models
M1 RES-2 and M1_RES-3 (~4,6% below the limit), but
exceeded by ~1,9% in M1 _RING and M1 _RES-I. The
higher-dose criteria V40Gy < 38% and V50Gy < 22%
were exceeded on average by 2,72% and 4,84%,
respectively. Although V20Gy < 85% was achieved in all
models, the rectal volume was notably lower in
M1 RES-2 (68,68%) and M1 RES-3 (68,06%)
compared with M1 RING (75,55%) and M1 RES-1
(75,26%). A similar pattern was observed for V30Gy <
57%, with values of 58,90% and 58,93% for M1 _RING
and M1_RES-1, and 52,46% for M1_RES-2 and 52,29%
for M1_RES-3.

As shown in Figure 6, applying stricter dose constraints
to OARs promotes closer adherence of organ volumes to
the dose—volume constraints without substantially
affecting PTV coverage. Conversely, implementing more
stringent dose restrictions on the PTV increases OAR
volumes at the dose—volume thresholds while
significantly improving PTV coverage.
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Fig. 6. Third model group: RMSE of OAR volume deviations

The fourth group included models with different
optimization criteria. M4.0 combined M3.0 training
plans with the structures and dose constraints of
M1 _RES-3. Two variants were created per criterion type
(dose constraint priorities and NTO parameters). In
M4.1, priorities were manually assigned based on plans
achieving the highest adherence to clinical dose—volume
criteria, with average values across six top plans: PTV —
120, bladder and femoral heads — 115, rectum — 102,
PTV_bladder — 95, PTV_rectum — 111, Bladder-PTV —
41, Rectum-PTV — 37, Ring — 109, small bowel — 51.
NTO settings: 0,3 cm margin from the target, start dose
95%, end dose 30%, fall-off coefficient 0,05. M4.2
applied clinical practice-based priorities, allowing
different values for multiple constraints of the same
structure, yielding: PTV_3/60 upper/lower — 140/150,
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PTV 2.8/48 and PTV_2.85/57 upper/lower — 240/250,
bladder — 100, femoral heads/ring — 65, rectum — 105,
PTV bladder/PTV_rectum — 100, Bladder-PTV — 105,
Rectum-PTV — 110, small bowel — 60. The NTO
parameter values are the same as in model M4.1. Testing
showed that manually assigned priorities outperformed
other methods, making M4.1 the reference model. M4.3
used automatic NTO assignment without user-accessible
parameter values, whereas M4.4 applied theoretically
optimal NTO settings: 0,2 cm margin from the target,
start dose 103%, end dose 60%, fall-off coefficient 0,13.
(9]

The PTV results for the models with different
optimization criteria are shown in Figure 7. The
minimum dose for PTV_2.4/48 across all models is close
to the criterion, with an average shortfall of 0,6 Gy. For
PTV_2.85/57, the average shortfall is 5 Gy. The best
result was achieved with model M4.2, where the
minimum dose shortfall to meet the PTV_ 2.85/57
criterion was 4,26 Gy, and for PTV_2.4/48, only 0,08 Gy.

57,00) ;o0

57,0
57,00
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Fig. 7. PTV dose in models with different optimization criteria

In all developed plans, the volume of the target receiving
insufficient dose is below 1% (0,000% —0,277%), which
is considered negligible within the study. Moreover,
these values are substantially lower than those observed
in plans generated using models from other groups.

The only dose—volume compliance criterion not met for
the bladder is V60Gy < 5% in model M4.2, where the
bladder volume exceeds the limit by 2.19%. In other
models, V60Gy < 5% values are also higher compared to
previous model groups.

All models meet the rectum V20Gy < 85% and V30Gy
< 57% criteria. The volume values achieved in the plans
are on average 13,87% below the V20Gy < 85% limit and
3,63% below the V30Gy < 57% limit. For V40Gy < 38%,
the volume exceeds the limit by an average of 1,48%, and
for V50Gy <22%, by 5,14%.

Figure 8 shows that model M4.2 produced the least
favorable outcomes, indicating that clinically assigned
priorities are suboptimal for RapidPlan™. Models M4.0
and M4.1 yielded similar results (SD = 0.12%), with
slightly lower OAR doses when priorities were manually
assigned. The lowest OAR doses are achieved using
model M4.3, suggesting that automatic NTO parameter
assignment is preferable.

Dosimetric verification confirmed that all model-
generated plans for all model groups met the Gamma
analysis criteria of 2 mm/2% with passing rates > 97%
(range: 99,0-100%), and the maximum Gamma index
did not exceed 3,5 (range: 1,11-2,81).
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Fig. 8. Fourth model group: RMSE of OAR volume deviations

Table 1 summarizes the repeatability results of the
model-generated plans, with reference values obtained
from models M1.0, M2.0, and M3.0 (mean values
reported) and compared with the study’s optimal model,
M4.1.

Table 1. Repeatability assessment of M4.1 plans compared
with previously established RSD values

RDS, %
Structure Constraint Mean M4.1
(M1.0, M2.0, M3.0) °
Dmax < 107% 0,21 0,17
PTV_3/60 Dmin > 95% 0,00 0,00
PTV 2.85/57 | Dmin > 54.15Gy 0,53 0,29
PTV 2.4/48 Dmin > 45.6Gy 0,22 0,13
V 60Gy < 5% 37,92 5,18
Bladder V 48.6y <25% 0,28 0,15
V 40.8Gy < 50% 0,23 0,22
Right femoral
V 40.8Gy < 50% 0,00 0,00
head
Left femoral | y; 458Gy < 50% 0,00 0,00
head
V 50Gy <22% 0,35 0,30
V 40Gy <38% 0,20 0,23
Rectum V 30Gy < 57% 0,15 0,17
V 20Gy < 85% 0,11 0,26

The data show that plans generated with M4.1 exhibit
high stability. Although the bladder dose—volume
criterion V60Gy < 5% shows a relatively wide range in
M4.1, its reproducibility is markedly improved (from
37,92% to 5,18%). The results for the other dose—volume
criteria demonstrate high repeatability, with relative
standard deviations below 1%. The deviation in
reproducibility of M4.1 from the initial models is also
below 1%, and reproducibility has improved for all
structures except the rectum.

4. Discussion

Previous studies suggest that RapidPlan™ model
performance is strongly influenced by the selection and
quality of training plans. Higher-quality plans, assessed
by metrics such as APQM% (Adjusted Plan Quality
Metric), improve model accuracy, whereas low-quality
or anatomically challenging plans can reduce it. [10] In
this study no clear relationship was observed between
training plan quality and model test plan results.
Comparing models M1.0 and M1.1, both with similar
PTV coverage, for M1.0 training 4 plans that did not meet
all OAR constraints were used, resulting in a higher OAR
deviation (8,91%) than M1.1 (5,96%), which included 8
such plans in training.

Increasing the number of training plans does not always
guarantee better clinical plan generation; after a certain
threshold, plan quality becomes more critical than
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quantity. [11] In this study, it was not possible to
determine whether adding more training plans beyond a
certain number would yield diminishing returns, making
plan quality more important than quantity. However,
within the available dataset, a trend was observed that
increasing the number of training plans improved the
quality of model-generated plans.

The inclusion of additional structures, such as rings or
modified PTVs excluding OARs, can reduce dose to
organs at risk and prevent hotspots outside the target. [12,
13] The results from this study confirm previous
findings: including additional structures in optimization
reduced OAR doses and prevented high-dose regions
outside the PTV. However, this approach negatively
affected overall plan quality due to a significant reduction
in PTV coverage.

Manually assigned priorities can have a greater impact on
dose distribution than automatically generated ones. [13]
The results of this study partially support the notion that
manually assigned priorities may influence dose
distribution more than automatically assigned ones. The
best outcomes were observed in model M4.3, where
priorities were set manually. However, these values were
determined based on previous models in which priorities
had been assigned automatically.

5. Conclusions

With the RapidPlan™ configurations used in this study,
clinically acceptable prostate SIB plans could not be
achieved. In the optimal model (M4.1), PTV_2.85/57
coverage was insufficient and rectal dose—volume criteria
were exceeded. Although the underdosed PTV volume
was only 0,28%, clinical requirements demand D100% >
95%. Rectal V40Gy and V50Gy were exceeded by
2,07% and 4,81%, respectively.

Increasing the training plan number from 20 to 40
slightly raised the underdosed PTV volume (from
0,755% to 0,915%) but reduced OAR deviations (8,91%
— 4,81%). Including overlapping and additional
structures (Ring, small bowel) improved OAR
compliance (6,85% — 6,37%) but increased underdosed
PTV (0,895% — 1,711%). Stricter OAR constraints
improved compliance without affecting coverage, while
stricter PTV  constraints  increased  coverage
(PTV _2.4/48: 42,75 Gy — 45,02 Gy, PTV_2.85/57:
47,28 Gy — 48,84 Gy) with slight OAR dose increase.
Manual assignment of dose restriction priorities based on
study-identified optimal values reduced OAR deviations,
whereas automatic NTO parameters provided the best
OAR compliance (5,12% deviation) with a minimal
increase in underdosed PTV (0,04%).

Dosimetric verification using an EPID portal detector
confirmed that all RapidPlan™ generated plans meet
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clinical requirements 2%/2mm, 97%
threshold).

RapidPlan™ ensures high DVH stability, with relative
standard deviation <1% for all DVH metrics except
bladder V60Gy <5%, which shows 5.18% in the optimal

model.

(Gamma

6. References

1. The International Agency for Research on Cancer. Global cancer
burden growing, amidst mounting need for services. [online]. World
Health Organization, 2024 [viewed on 18th of February, 2025].
Available from: https://www.who.int/news/ item/01-02-2024-global-
cancer-burden-growing--amidst-mounting-need-for-services

2. Li, X. A., Wang, J. Z., Jursinic, P. A., et al. Dosimetric advantages
of IMRT simultaneous integrated boost for high-risk prostate cancer.
Internatinal Journal of Radiatin Oncology, Biology, Physics. 2005, 61
(4), 1251 — 1257 p. PMID: 15752907. Available from: doi:
10.1016/j.ijrobp.2004.11.034

3. Metzger, A., Renz, P., Hasan, S., et al. Unforeseen Computed
Tomography Resimulation for Initial Radiation Planning: Associated
Factors and Clinical Impact. Advances in Radiation Oncology. 2019, 4
4), 716 — 721 p. PMID: 31673665. Available from: doi:
10.1016/j.adro.2019.06.002

4. Sonke, J. J., Aznar, M., Rasch, C. Adaptive Radiotherapy for
Anatomical Changes. Seminars in Radiation Oncology. 2019, 29 (3),
245 — 257 p. Available from: doi: 10.1016/j.semradonc.2019.02.007

5. Ayuthaya, I. I. N., Sanghangthum, T., Oonsiri, P., et al. Multi-
planner validation of RapidPlan knowledge-based model for volumetric
modulated arc therapy in prostate cancer. Journal of Applied Clinical
Medical Physics. 2023, 25 (1). PMID: 38009569. Available from: doi:
10.1002/acm?2.14223

6. Harms, J., Zhang, J., Kayode, O., et al. Implementation of a
Knowledge-Based Treatment Planning Model for Cardiac-Sparing
Lung Radiation Therapy. Advances in Radiation Oncology. 2021, 6 (6).
PMID: 34604606. Available from: doi: 10.1016/j.adro.2021.100745

7. Cilla, S., Ianiro, A., Romano, C., et al. Template-based automation
of treatment planning in advanced radiotherapy: a comprehensive
dosimetric and clinical evaluation. Scientific Reports 2020, 10 (1): 423.
Available from: doi: 10.1038/s41598-019-56966-y

8. NSW Government. Prostate adenocarcinoma definitive EBRT
high-risk. [online]. [viewed on 9th of February, 2025]. Available from:
https://www. eviq.org.au/radiation-oncology/%?20urogenital/pros
tate/235-prostate-adenocarcinoma-definitive-ebrt-high-r#dose-
prescription

9. Jolly, D., Alahakone, D., Meyer, J. A RapidArc planning strategy
for prostate with simultaneous integrated boost. Journal of Applied
Clinical Medical Physics. 2010, 12 (1), 35 — 49 p. PMID: 21330979.
Auvailable from: doi: 10.1120/jacmp.v12i1.3320

10. Fusella, M., Scaggion, A., Pivato, N., et al. Efficiently train and
validate a RapidPlan model through APQM scoring. Medical Physics.
2018, 45 (6), 2611 — 2619p. PMID: 29611213. Available from: doi:
10.1002/mp.12896

11. Van Gysen, K., O’Toole, J., Le, A., et al. Rolling out RapidPlan:
What we've leamt. Journal of Medical Radiation Sciences. 2020, 67 (4),
310317 p. PMID: 32881407. Available from: doi: 10.1002/jmrs.420
12. Vaassen, F., Hazelaar, C., Canters, R., et al. The impact of organ-
at-risk contour variations on automatically generated treatment plans
for NSCLC. Radiotherapy and Oncology. 2021, 163, 136 — 142p.
PMID: 34461185. Available from: doi: 10.1016/j.radonc.2021.08.014
13. Ueda, Y., Fukunaga, J., Kamima, T., et al. Evaluation of multiple
institutions’ models for knowledge-based planning of volumetric
modulated arc therapy (VMAT) for prostate cancer. Radiation
Oncology. 2018, 13 (1): 46. PMID: 29558940. Available from: doi:
10.1186/s13014-018-0994-1


https://www.who.int/news/%20item/01-02-2024-global-cancer-burden-growing--amidst-mounting-need-for-services
https://www.who.int/news/%20item/01-02-2024-global-cancer-burden-growing--amidst-mounting-need-for-services

MEDICAL PHYSICS IN THE BALTIC STATES 17 (2025)

Proceedings of International Conference “Medical Physics 2025”
06-08 November 2025, Kaunas, Lithuania

ASSESSMENT OF FLASH-INDUCED ROS SUPPRESSION ACROSS
MULTIPLE DOSE AND DOSE RATE REGIMES

Akvilé SLEKTAITE-KISONE'?, Vytautas VELICKA2, Marius BURKANAS', Aleksandras
CICINAS', Mindaugas DZIUGELIS'?2, Benas DIRGELAS?, Jonas VENIUS'2
'National Cancer Center, Medical Physics Department, Vilnius, Lithuania, 2National Cancer Institute, Biomedical
physics laboratory, Vilnius, Lithuania; *Faculty of Physics, Vilnius University, Vilnius, Lithuania;
akvile.slektaite@nvc.santa.lt, velic.vytautas@gmail.com, marius.burkanas@nvc.santa.lt,
aleksandas.cicinas@nvc.santa.lt, mindaugas.dziugelis@nvc.santa.lt, dirbenas@gmail.com, jonas.venius@nvc.santa.lt

Abstract: The FLASH effect, characterized by reduced a
normal tissue toxicity without the compromising tumor
control during ultra-high dose rate (UHDR) irradiation.
However, the underlying mechanisms of the effect
remain unclear. Current hypotheses suggest that
physicochemical factors, such as ROS generation and
transient oxygen depletion, along with cellular responses,
may contribute to the effect.

In this study, we investigated differences between
reactive oxygen species (ROS) formation using
conventional (CONV) and FLASH irradiation. UHDR
pulses of 2 or 4 Gy, with total doses up to 32 Gy were
used. ROS generation was measured using a fluorescent
probe DHR123. Results showed that higher dose rates
and larger doses per pulse consistently suppressed ROS
yield. The highest dose rate (96 Gy/s) produced the
lowest radical levels. Slope analysis confirmed a slower
rate of ROS formation at higher dose rates. These
findings support the role of enhanced radical-radical
recombination in the FLASH effect and reinforce the
potential of UHDR radiotherapy.

Funding: Research Council of Lithuania (LMTLT),
agreement No. S-MIP-24-134.

Keywords: FLASH effect, ultra-high dose rate (UHDR),
reactive oxygen species (ROS)

1. Introduction

A radiation therapy (RT) remains one of the most
effective modalities for cancer treatment. However, its
efficacy is limited by the risk of damage to surrounding
healthy tissues. Ultra-high dose rate (UHDR) irradiation,
known as FLASH-RT, has recently emerged as a novel
irradiation technique, showing great potential in
maintaining tumour control while reducing normal tissue
toxicity [1]. Preclinical studies in animal and cell models
have confirmed the FLASH effect, and early clinical
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trials are now in progress [2]. Despite these advances, the
mechanisms underlying the FLASH effect remain
incompletely understood. Leading theories explain this
phenomenon through radiolytic oxygen depletion,
radical-radical recombination, Fenton reactions,
ferroptosis, metabolic differences between healthy and
cancerous cells and the role of the immune system [3,4].
It is likely that multiple mechanisms contribute to the
reduced toxicity in normal tissue.

Studying mechanisms in biological systems can be
complicated due to their complexity, where numerous
interacting variables can obscure causal relationships.
Simplified model systems are therefore essential for
clarifying the underlying mechanisms. Experiments in
chemical solutions make it possible to isolate radiation-
induced physicochemical reactions from subsequent
biological responses.

The interaction of ionizing radiation with water produces
reactive oxygen species (ROS) such as hydroxyl radicals,
hydrogen peroxide, and superoxide, which are primary
mediators of radiation damage to DNA and other
biomolecules [5]. Additionally, pH affects water
radiolysis pathways and radical chemistry. This raises the
possibility that differences in acidity between cancerous
and healthy tissues can add to the FLASH response. The
most normal tissues maintain a stable extracellular pH
around 7.4 under well-perfused conditions. In contrast,
tumors typically exhibit more acidic extracellular
environment (pH ~6.7 or less) due to an aerobic
glycolysis (the Warburg effect) and the poor
vascularization, that together promote lactate
accumulation and lower pH [6].

Since ROS mediate much of the cellular damage induced
by ionizing radiation, studying its production is critical
for the understanding the diverse effects of FLASH
versus conventional (CONV) dose rate irradiation.
However, direct measurement of ROS is technically
challenging. Fluorescent probes such as
dihydrorhodamine 123 (DHR123) provide a sensitive



Abkvilé Sléktaité-Kisoné et al. / Medical Physics in the Baltic States 17 (2025) 86-89

approach of detecting oxidants, though its fluorescence
response is influenced by complex photophysical and
chemical processes [7]. In the pure water, oxidation
cannot proceed through the peroxidase activity and the
probe is not efficiently oxidized by H20O: alone [8]. The
measured signal must therefore arise from the secondary
chemistry initiated by radiolytic products.

In this work, we investigated ROS yields in water
following 6 MeV electron beam irradiation with a
modified clinical VARIAN TrueBeam particle
accelerator. Using DHR123 fluorescence as a readout,
we systematically varied dose rate, total dose, dose per
impulse and pH of the solution. Our findings provide
further insight into how FLASH irradiation modifies
ROS generation compared to CONV exposure.

2. Materials and Methods
2.1. Irradiation setup

All irradiations were performed on a Varian TrueBeam
particle accelerator operated in 6 MV photon mode. The
target and the flattening filter were removed and an
electron scattering foil inserted to generate a pulsed 6
MeV electron beam, following the previously reported
approach [9]. For FLASH exposures, samples were
positioned in a custom holder on a 2 mm acrylic plate
(Fig.1). A dose control relied on photodiode detection of
Cherenkov light from each beam pulse.

SAMPLE HOLDER

i

GANTRY

Fig. 1. Left: Schematic diagram of the custom 3D-printed
sample holder, designed to attach to the linac table and be
positioned within the gantry. Right: Photograph of the holder
and setup used for sample irradiation.

FLASH irradiations were delivered at dose rates of 12,
48, and 96 Gy/s with a pulse width of ~3.6 ps. Total doses
of 8, 16, 24, and 32 Gy were achieved using either 2 or 4
Gy per pulse. Conventional irradiations were performed
at 0.15 Gy/s with samples irradiated through a 10 mm
acrylic plate placed at the isocenter.

2.2. Dosimetry

A dosimetry was verified using Gafchromic EBT-4 films
calibrated under conventional dose rates. A reproducible
irradiation geometry was maintained using custom 3D-
printed holders. A film readout was performed 24 hours
post-irradiation, after full film contrast stabilization,
using a high-pass optics-capable Epson Perfection V850
Pro scanner.

2.3. Sample preparation
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Dihydrorhodamine 123 (Sigma-Aldrich) was used as
the fluorescent probe for ROS detection. For each
irradiation parameter combination, identical water
samples were prepared. DHR123 was added prior to the
irradiation at a final concentration of 5 pmol/l, following
the manufacturers' instructions. The probe was
thoroughly mixed by pipetting, and all preparations were
performed under a low-light conditions. Care was taken
during experiments to ensure equal environmental
exposure across samples.

For pH experiments, phosphate-buttered saline (PBS;
Sigma-Aldrich) was prepared and adjusted to pH 6, 7,
and 8 by stepwise addition of NaOH (Sigma-Aldrich) to
a master solution.

2.4. Fluorescence signal processing

Fluorescence was measured 30 min post-irradiation using
a Varian Cary Eclipse spectrophotometer. Fluorescence
spectra were baseline-corrected using non-irradiated
controls, and peak intensities were extracted in the 520—
540 nm range of the DHRI23 emission spectrum.
Triplicate measurements were assessed for consistency
with outliers excluded.

3. Results and Discussion
3.1. Dose rate dependence

A total ROS production increased linearly with the
radiation dose under both FLASH and CONYV irradiation
(Fig. 2. a). However, the magnitude of ROS generation
was consistently about 4 times higher with the CONV
irradiation compared to FLASH across all dose levels.
These findings indicate that while ROS production
increases with a dose in both irradiation methods,
FLASH consistently suppresses ROS generation relative
to CONV, supporting the notion of an altered radical
chemistry under UHDR irradiation. This agrees with
other studies in water that reported reduced hydrogen
peroxide yields under UHDR compared with the
conventional irradiation [5]. This phenomenon can be
attributed to enhanced probability of radical-radical
recombination at the elevated instantaneous
concentrations [10].

Although the measured ROS generation differences
between various FLASH parameters are smaller than
those between FLASH and CONV, some clear
tendencies can still be observed in Fig.2 b). ROS
production under different FLASH beam parameters
shows that both an average dose rate and a dose-per-pulse
influence the final outcome, but with differing
magnitudes. In all conditions, ROS levels increased
approximately linearly with the radiation dose. At a fixed
average dose rate, increasing the dose-per-pulse from 2
Gy to 4 Gy consistently reduced ROS yields by about
30% across the examined dose range. By contrast,
varying the average dose rate from 12 Gy/s to 96 Gy/s
produced a smaller reduction of ~10-20% within each
dose-per-pulse group. These findings indicate that
although both parameters modulate ROS production, a
dose-per-pulse exerts a stronger influence than average
dose rate.
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This shows that the temporal structure of delivery alters
chemical yields, in agreement with radiation-chemical
perspectives that identify pulse size as a key factor in spur
kinetics and recombination balance [10]. The result is
also consistent with Monte Carlo simulations of water
radiolysis, which reported that higher dose-per-pulse
accelerates radical recombination and reduces the yield
and lifetime of oxidant species [11].
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Fig. 2. Total ROS measured by DHR123 fluorescence as a
function of radiation dose. a) Comparison of FLASH and
CONYV irradiation. b) Magnified view of FLASH irradiation
groups (dose-per-pulse of 2 and 4 Gy and mean dose rates of
12, 48 and 96 Gy/s). Data are presented as group averages.

These findings indicate that maximizing the FLASH
effect is more effective with higher dose-per-pulse
settings. However, in our setup, and likely in others using
similar modifications, higher doses per pulse lead to the
smaller field sizes and a reduced homogeneity.

3.3. The pH dependence under FLASH Irradiation

Fluorescence measurements in buffered solutions across
pH conditions revealed pronounced differences between
the FLASH and CONV irradiation (Fig.3) not only in
overall signal intensity, but also dependance on solution
properties. Under FLASH conditions, the fluorescence
signal decreased systematically with increasing pH with
highest emission at pH 6 and the lowest values at pH 8
(Fig. 3a). In contrast, a CONV irradiation showed no
measurable pH dependence (Fig. 3b), consistent with
prior reports that hydrogen peroxide yields in the aerated
water remain stable across this range [12].

88

a) FLASH b) CONV
80 73=x1 500 2347 405 510
= Il ""4{]0
= 60 531 =
& 81 | &
") o 300
=] Q
= & 200
- -
5 5
207 H 100
0 6 7 8 0 6 7 8

pH

pH

Fig. 3. Fluorescence spectra of DHR123 at pH 6, 7 and 8
following irradiations with a total dose of 16 Gy using a)
FLASH irradiation at 96 Gy/s and 2 Gy per pulse, b) CONV
irradiation with 0.15 Gy/s dose rate.

Since acidic conditions are a recognized feature of
tumour microenvironment [6], the reduced oxidant yield
observed under FLASH at the lower pH suggests that
ROS suppression could be less pronounced in tumours
than in the surrounding normal tissue. This differential
response may represent one of the underlying
mechanisms contributing to the FLASH effect, where
healthy tissues are protected while effective tumor
control is maintained. However, this interpretation
should be treated cautiously, as the present results were
obtained in aqueous solution and do not reflect the
complexity of cellular environment.

To our knowledge this is the first study of pH-dependent
effects under FLASH irradiation and it highlights the
need for further work in the biologically relevant models.

4. Conclusions

At all tested doses, FLASH irradiation produced ~ 4
times fewer ROS than CONYV irradiation, consistent with
the enhanced radical-radical recombination theory.
During FLASH irradiation both an average dose rate and
a dose-per-pulse affected ROS production, but a dose-
per-pulse had the stronger effect. Doubling the dose-per-
pulse reduced ROS yields by ~30%.

ROS yields decreased systematically with the increasing
pH (the highest at pH 6, the lowest at pH 8), whereas
CONYV irradiation showed no pH dependence. Since
tumors often exhibit acidic microenvironments, this
suggests FLASH may differentially affect normal versus
tumor tissues.

These findings support the hypothesis that FLASH
modifies radical chemistry in ways that could reduce a
toxicity in normal tissues while preserving the tumor
control.
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Abstract: Maximisation of irradiation accuracy of
malignant tissues is a key challenge on the way to optimal
radiotherapy. Strategies to improve irradiation accuracy
should balance the expected clinical benefit against the
feasibility and procedural demands of the method used.
This pilot study marks an initial step toward
retrospectively evaluating patient positioning accuracy,
analysing CBCT images in relation to clinical outcomes,
and estimating actual irradiation of target and
surrounding tissues.

The CBCT images were acquired from head and neck
patients treated with the Halcyon V3.1 linear accelerator.
The algorithms for precise alignment of images, which
made it possible to estimate the detailed changes in
tumour tissue density during treatment sessions were
developed in the MATLAB. The recalculation of the
actual dose showed that even small positioning errors can
lead to significant changes in the delivered dose,
especially in areas where critical organs are affected.

Keywords: Image-guided radiotherapy,
Irradiation dose, Image analysis, Deviations.

Positioning,

1. Introduction

Head and neck cancer (HNC) is responsible for more than
500,000 new cases per year worldwide, with squamous
cell carcinoma (SCC) accounting for approximately 90%
of cases [1]. Due to the complex anatomy of this region
and the proximity of tumour to critical organs at risk
(OARs), a high-precision radiotherapy is essential to
ensure the local tumour control while minimising toxicity
[2]. Modern techniques such as an intensity modulated
radiotherapy (IMRT) and volumetric modulated arc
therapy (VMAT) provide a highly conformal dose
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distribution, but their effectiveness depends not only on
the accuracy of treatment planning, but also on the
consistent reproduction of the patient anatomy and the
positioning throughout the treatment course [3].

Even small deviations in the patient positioning or
anatomical changes such as a tumour shrinkage, an
inflammation or an oedema, can lead to significant
discrepancies between the planned and delivered dose [4,
5]. This is particularly relevant in HNC, where critical
structures such as the spinal cord, optic nerves, and
salivary glands are highly sensitive to radiation [6].
Positioning errors as small as 2-3 mm can lead to
clinically significant dose variations, emphasizing the
need for an adaptive radiotherapy strategy in selected
patients [5].

An image-guided radiotherapy (IGRT), particularly
using a daily cone beam computed tomography (CBCT),
has become an indispensable tool for monitoring and
correcting positioning errors during the treatment [3].
Mechanical immobilisation systems are commonly used
to minimise inter-fraction variability. However, they
cannot compensate for internal anatomical changes such
as tumour regression, an oedema or an organ
displacement during the fractionated radiotherapy [7, 8].
CBCT enables three-dimensional visualisation of the
patient’s anatomy at the time of treatment and forms the
basis for anatomy-adaptative (A-ART) and response-
adaptive (R-ART) approaches [9]. However, the routine
use of daily CBCT remains limited due to the additional
workflow complexity, a time requirement, and image
quality limitations [10]. Furthermore, accurate
registration of CBCT with planning CT is complicated by
varying acquisition conditions, such as slice mismatches,
rotations, and geometric distortions, which can lead to
systematic errors in patient positioning and dose
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calculation. Although volumetric and density-based
imaging criteria have been used in other cancers, such as
hepatocellular carcinoma [11], their role in predicting
treatment outcomes in HNC has not been sufficiently
explored. This knowledge gap is particularly important in
patients with rapid tumour regression, where
discrepancies between planned and administered doses
may affect tumour control and increase the risk of OARs
toxicity [6].

The present pilot study retrospectively investigates
positioning deviations and dose discrepancies in HNC
patients who showed significant tumour shrinkage during
radiotherapy. By analysing daily CBCT datasets with a
volumetric image registration algorithm, we recalculated
the administered doses and quantified tumour density and
volume changes. The aim of this study is to quantify the
clinical significance of anatomical changes during the
treatment and to support the integration of an adaptive
radiotherapy into the clinical workflow. As a pilot
analysis, it aims to confirm the feasibility of CBCT-based
volumetric registration for accurate dose recalculation
and help guide future large-scale studies.

2. Methods

A retrospective study was conducted in patients with
head and neck cancer treated in the Lithuanian University
of Health Sciences Kaunas Clinics, Affiliated Hospital of
Oncology, Department of Radiotherapy. Ethical approval
was granted by the Kaunas Regional Biomedical
Research Ethics Committee for Biomedical Research
(approval number BE-2-90). Eligible patients had a
locally advanced disease, were prescribed a radical
radiotherapy, and demonstrated a clear anatomical
response to the treatment.

Patients positioning was verified daily using a
kilovoltage cone beam computed tomography (kV-
CBCT) integrated into the Halcyon V3.1 linear
accelerator (Varian Medical Systems, Polo Alto, CA,
USA). For this analysis, the kV-CBCT data sets of the
first 25 treatment fractions were collected
retrospectively. Patients with a significant tumour
regression during the treatment were included to assess
the dosimetric impact of anatomical changes.

An actual patient position displacement of current
radiotherapy session regarding to the first (reference)
fraction was estimated by spatial transform needed to
achieve optimal volumetric alignment of the same ROI in
the patient body registered during the two sessions. Only
the bone structures of the patient body remain unchanged
during the radiotherapy, while soft tissues undergo
significant changes in a density and a geometrical shape.
Therefore, we utilized the segmented bone structures as
a spatial reference fiducial body to estimate needed a
rigid transformation. The bone structures segmentation
consisted of a simple selection of voxels with the density
values above empirically estimated threshold and a three-
dimensional mathematical morphology operation erosion
for filtering. The closest point finding algorithm was used
to find translation and rotation needed to apply to the
compared registered volume to get the optimal alignment
with the volume registered during the first radiotherapy
fraction.

91

The deviations in patient positioning in the current
radiotherapy session along the X, Y, and Z axes were
quantified and used to calculate actual dose differences
for the planning target volume (PTV) and selected organs
at risk, including the spinal cord, parotid glands,
oesophagus and larynx. An actual soft tissue density
changes were estimated as difference in voxel values in
ROIs of already aligned whole volumes using determined
rigid spatial transform as described above.

All imaging and volumetric calculations were performed
in MATLAB (MathWorks, USA) computational
environment using custom made applications.

Statistical data analysis was performed using IBM SPSS
Statistics (version 30.0, IBM Corp., Armonk, NY, USA).
Descriptive statistics was used to summarise positional
deviations and dose variations. Associations between
positional shifts and dose variations were assessed using
Kendall-Tau correlation coefficients with  95%
confidence intervals (CI). Associations were considered
statistically significant at p < 0.05.

3. Results

The pilot study has shown that even minimal anatomical
changes during the treatment can affect the dose
administered to patients with head and neck cancer,
especially those with rapidly regressing tumours. Such
anatomical changes may render the original treatment
plan suboptimal and increase the risk of deviations in
dose delivery discrepancies to planning tumour volume
and organs at risk.

Fig. 1 illustrates the malignant tumour shrinkage
observed during radical radiotherapy treatment. A
significant reduction in tumour volume was observed
between the planning CT and the kV-CBCT scans taken
at the 25th and final fractions. The temporal changes in
tumour density also reflect dynamic shifts in the tissue
composition during treatment were at p < 0.05.

Patients' positioning errors were estimated by applying
spatial transformations to align volumetric regions of
interest across treatment fractions. Fig. 2 shows
representative examples of unaligned kV-CBCT images
compared to the first session, highlighting the spatial
discrepancies. The results show that each fraction
deviates from baseline, emphasizing the importance of
daily monitoring of adjustment and providing insight into
the potential impact of radiation exposure to nearby
OARs.

A soft tissue density changes were assessed by
comparing voxel values throughout the investigation.
Fig. 3 shows representative kV-CBCT comparisons with
planning CT images: where local density changes were
observed within the tumour at fractions 5 and 6. A
subsequent shrinkage of the entire tumour volume was
observed at fraction 14.

The mean positional shifts for all patients are summarised
in Table 1. Across the cohort, the mean (SD) value of
displacements was 0.216 (0.111) cm along the lateral (X-
axis), 0.230 (0.055) cm along the vertical (Y-axis), and
0.213 (0.080) cm along the longitudinal (Z-axis),
indicating overall consistent positioning throughout the
treatment with minor deviations. The similar
displacement magnitudes across all axes indicate that
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patient setup accuracy was consistent in all directions,
without systematic shifts favouring any particular axis.

Fig. 1. Visible changes in tumour volume and density during
radiotherapy. a — planning CT, b — CBCT at the 25th fraction, ¢
— CBCT at the last fraction.

Fig. 2 Spatial differences in patient position during selected
sessions of radiotherapy regarding to the first session position.
The figures indicate the numbers of the fractions compared.

Fig. 3 Differences in soft tissue density during the different
radiotherapy sessions regarding to the first one. The green
colour indicates decreased density. The figures indicate the
numbers of the compared sessions.

The slightly higher mean displacement along the vertical
axis may reflect variations in couch height adjustment or
breathing-related motion.

Based on these positional deviations for all patients, the
actual dose distributions were recalculated (Table 2). The
dose distribution data presented in the table includes the
maximum dose to the spinal cord and the mean doses to
other critical organs. These values are evaluated in
accordance with established clinical treatment planning
assessment protocols. The planning target volume
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generally received slightly lower doses than planned,
while the OARs, particularly the spinal cord and parotid
glands, showed measurable deviations.

Table 1. Mean coordinate deviations (cm) with standard
deviations (SD) for all patients.

Patient Coordinate deviation
Mean value (SD)
X Y Z
1 0.132 0.152 0.136
(0.103) (0.123) (0.155)
2 0.100 0.232 0.152
(0.071) (0.163) (0.166)
3 0.352 0.228 0.316
(0.187) (0.184) (0.180)
4 0.308 0.176 0.196
(0.216) (0.179) (0.167)
5 0.320 0.256 0.332
(0.212) (0.238) (0.281)
6 0.092 0.316 0.164
(0.09) (0.227) (0.150)
7 0.214 0.236 0.191
(0.151) (0.151) (0.133)

Table 2. Mean dose deviations (Gy/fraction) with standard
deviations (SD).

Dose deviation, Gy/fraction
) Mean value (SD)
Patient Spinal
PTV Cord Parotids | Oesophagus | Larynx
1 -0.016 | 0.026 | 0.013 0.005 0.005
(0.008) | (0.062) | (0.070) (0.014) | (0.020)
2 -0.022 | -0.024 | 0.004 0.001 0.004
(0.071) | (0.056) | (0.057) (0.018) (0.046)
3 -0.050 | 0.010 | 0.042 0.029
(0.148) | (0.201) | (0.179) (0.095)
4 -0.043 | 0.033 | 0.012 0.002 0.011
(0.019) | (0.073) | (0.085) (0.017) (0.021)
5 -0.057 | -0.014 | 0.001 0.001 0.000
(0.043) | (0.091) | (0.182) (0.035) | (0.010)
6 -0.025 | 0.076 | 0.011 -0.015 -0.011
(0.022) | (0.159) | (0.066) (0.088) (0.017)
7 -0.038 | 0.015 | 0.021 -0.001 -0.005
(0.024) | (0.083) | (0.045) (0.032) (0.093)

Although, the overall dose variations between patients
were minor, analysis of individual fractions showed that
certain positional alterations may be repeated, and
therefore dose discrepancies may be larger in certain
cases. This is illustrated in Fig. 4, where boxplots show
dose deviations per fraction for the spinal cord and
parotid glands.

Our previous study (Vainidité et al., 2023) demonstrated
that patient positioning deviations did not follow a
consistent pattern but varied randomly between fractions
instead [12]. In the present study, we extended this
analysis to assess whether deviations along specific axes
were associated with PTV and OARs dose discrepancies.
Statistical data analysis revealed significant correlations
between patient positioning errors and dose deviations to
both target volumes and organs at risk. Notably, CTV
dose coverage showed a strong negative correlation with
both X-axis and Z-axis displacements (for both T = —
0.714, p = 0.024; 95% CI: —0.928 to —0.147) indicating
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that even small lateral and longitudinal shifts resulted in
reduced dose delivery to the clinical target volume. These

findings imply that small misalignments directly
compromise target coverage, potentially lowering
treatment effectiveness.
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Fig. 4. Dose deviations per fraction for the studied patients: a —
spinal cord; b — parotids.

In the conducted analysis, only oesophageal dose
deviations were associated with vertical axis
displacements (t =—0.683, p = 0.031; 95% CI: —0.991 to
—0.095). This relationship highlights sensitivity of
oesophagus on vertical setup variations, where even
subtle shifts may expose the organ to higher doses than
planned, thus increasing the risk of treatment-related
toxicity.

Taken together, these findings demonstrate that
positioning errors along all three axes are not random or
negligible but systematically linked to clinically relevant
dosimetric consequences. The strength of the
correlations, combined with their statistical significance,
emphasizes the necessity for continuous verification
during treatment delivery. Even sub-centimetre
deviations, often considered minor in routine clinical
practice, may translate into underdosage of the target or
overexposure of OARs.

Although the observed deviations were generally small,
their clinical significance is supported by previous
studies. Yadav et al (2022) reported set-up errors of up to
4.4 mm, suggesting that a 5 mm margin is required to
ensure adequate planning target volume coverage in
image modulated radiotherapy [13]. Similarly, Li et al
(2022) showed that in nasopharyngeal carcinomas, dose
variations of up to 9.7% for the spinal cord were due to
setup errors, while anatomical contour changes explained
only 1.7% [14]. These findings are consistent with our
results and emphasise the critical importance for daily
review and the potential benefit of adaptive replanning in
patients with significant anatomical changes.
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Adaptive replanning strategies have been shown to
mitigate such effects. For example, You et al (2012) have
demonstrated that adaptive planning reduces xerostomia
for patients with a significant reduction in neck diameter
(>10%) or substantial weight loss (>5%) [15]. Our results
are consistent with these observations and highlight the
value of adaptive approaches for patients in whom the
tumour regresses rapidly during treatment.

4. Conclusions

This study has shown that even minimal positioning
errors can lead to clinically significant changes in the
delivered radiation dose in patients with head and neck
cancer. Although the average deviations appeared small,
their fraction-specific effects were considerable,
especially in regions close to organs at risk such as the
spinal cord and parotid glands. A kilovoltage cone beam
computed tomography is based on image analysis
provided quantitative insights into both anatomical
changes and the positional accuracy, confirming its value
for the treatment verification and the adaptive
radiotherapy.

The results emphasise the importance of rigorous daily
review protocols and support the integration of adaptive
strategies to maintain planning target volume coverage
while reducing organs at risk toxicity.

Overall, these results emphasise the clinical relevance of
precise patient positioning and adaptive planning. The
integration of advanced imaging and dose monitoring
into routine workflow could significantly improve both
the safety and efficacy of radiotherapy in patients with
rapidly changing anatomy. Moreover, this work
highlights the necessity for further investigation into the
quantitative assessment of temporal changes in the
tumour volume and the density, that may enhance
treatment response evaluation with underlying biological
processes.
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Abstract: Current radiotherapy patient positioning relies
on manual positioning followed by kilovoltage (kV)
imaging verification. This approach is time-consuming
and susceptible to human error during the initial
positioning phase. While kV imaging remains essential
for final verification, improvements to the manual
positioning component could significantly enhance
workflow efficiency. The Al-driven positioning system
demonstrates  potential for improving manual
positioning components in radiotherapy setup using
standard clinical hardware.

Keywords: radiotherapy, patient positioning, artificial
intelligence, computer vision, Python programming

1. Introduction

Radiotherapy treatment effectiveness depends critically
on accurate patient positioning to ensure precise dose
delivery to target volumes while minimizing exposure
to healthy tissues [1]. Current clinical workflows
typically involve manual patient positioning by
radiation therapists followed by kilovoltage (kV)
imaging verification using cone-beam computed
tomography (CBCT) or planar imaging systems [2].
While imaging-based verification provides the gold
standard for positioning accuracy, the initial manual
positioning phase remains time-consuming and prone to
inter-operator variability [3]. Recent advances in
computer vision and machine learning have opened new
possibilities for automated positioning assistance [4,5].
MediaPipe, developed by Google, offers robust real-
time pose estimation and facial landmark detection
capabilities that could potentially enhance the manual
positioning workflow [6]. However, the clinical
application of such technologies requires careful
validation of accuracy, reliability, and integration with
existing radiotherapy protocols [7].

This study presents the development and initial
validation of an Al-driven patient positioning platform
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designed to supplement, rather than replace, existing kV
imaging verification protocols.

Traditional Workflow Al Enhanced Workflow
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Fig. 1. Example of clinical workflow integration.

The system (Fig. 1.) aims to improve the efficiency and
consistency of the initial manual positioning phase
while maintaining the established safety protocols that
rely on imaging-based verification.

2. Materials and methods

The positioning platform was developed in Python
using the following key components:

a.) Google MediaPipe was employed for real-time pose
estimation and facial landmark detection [6]. The
system tracks 468 facial landmarks using the Face Mesh
solution and 33 body pose key points using the Pose
solution.

b.) Standard HD webcams (1920x1080 resolution) were
used for image acquisition, making the system
compatible with commonly available clinical hardware.
c.) A custom calibration protocol was developed using
grid-based phantoms to establish pixel-to-millimeter
conversion ratios and correct for camera distortion [8].
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d.) Facial recognition capabilities were integrated to
enable patient-specific positioning protocols and
tracking history.
Three distinct tracking modes were implemented:
1. Facial Landmark Tracking utilizes 468 facial
landmarks to track head position and orientation with
high precision for head and neck treatments.
2. Body Pose Tracking employs 33 key points to
monitor overall body positioning, particularly useful for
thorax and abdomen treatments.
3. Combined Tracking integrates both facial and pose
tracking for comprehensive positioning monitoring
suitable for various treatment sites.
The calibration system employs a grid-based phantom
with known geometric dimensions placed at
standardized distances (50-150 c¢m) from the camera,
where two calibration modes were implemented:

a.) automatic computer vision-based detection of

calibration markers,

b.) manual, user-assisted marker identification for

challenging lighting conditions.

Calibration parameters including camera intrinsic
matrix, distortion coefficients, and pixel-to-millimeter
conversion ratios are stored and validated through
repeated measurements [9]. Position accuracy was
evaluated through 100 measurements across different
tracking modes and various positioning scenarios
(center, offset positions). Deviations were calculated in
three dimensions (X, Y, Z) with total deviation
computed as the Euclidean distance from reference
positions. Facial recognition performance was assessed
through 60 test cases under controlled lighting
conditions - normal (80-100 Ix), dim (<50 Ix), bright
(>120 Ix), and different viewing angles (front, side,
angled). System calibration stability was evaluated
through repeated calibration procedures under various
environmental conditions to assess reproducibility and
reliability.

2.1. Computational Methods

The system employs MediaPipe’s machine learning
models for anatomical feature detection [6]. The
mathematical foundation relies on convolutional neural
networks that output normalized landmark coordinates
[10].

or each detected face, the system extracts 468 three-
dimensional landmark points.

Lface: {(Xi, Vi, Zi)‘izl,z, ,468} (1)
where coordinates are normalized to the range [0, 1]
relative to the input image dimensions.

The pose estimation model outputs 33 key points
representing major anatomical landmarks.

Lposc = {(Xj, yi» Zj, Vj) |J = 1, 2, N 33} (2)
where v; represents the visibility confidence score for
each key point.

The transformation from pixel coordinates to real-world
measurements employs a calibrated scaling factor [11].
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Xworld = (Xpixel - Cx) x sy x d/fx
Y world = (yPixel - Cy) X Sy X d/ fy
Zworld = Znormalized % d X Scale_factor

)

where:
(cx, cy) = camera optical center
(sx, 8y) = pixel-to-millimeter scaling factors
d = calibrated distance from camera
(fs, fy) = camera focal lengths
scale factor = depth calibration constant
the

The camera calibration establishes intrinsic

parameter matrix [8]:

K=[fi 0 ¢
[0 fy ¢
[0 0 1]

4)

Radial and tangential distortion corrections follow the
Brown-Conrady model [12]:

Xeomrected = X(1 + ki ¥12 + ko*r* + k3*1¢) + 2*p *xy + pa(r?

+2%0) )
Ycorrected = y(l +ki*r2 + ko*rt + k3*r6) + p](l'2 + 2y2) +
2*py*xy (6)

where 12 = x2 + y? and (ki, ks, k3, p1, p2) are distortion
coefficients.

The system establishes a reference configuration Rier
from initial positioning:

Rrer = {Preti | 1 € selected_landmarks}  (7)
where Preri = (Xrefi, Yrefi, Zref,i) represents the reference
position of landmark i.

For each real-time frame,
positional deviations.

the system calculates

6i = ||Pcurrem,i - Pref,i||2 = \/[(Xc,i - Xr,i)2 +

(Yei = yri)* + (e - 2ei)’] ®)
The system computes a weighted average deviation
based on landmark reliability:

Stotal = (i Wi X &) / (Zi Wi) )
where w; represents the confidence weight for landmark
i.

The system employs standard statistical measures for
accuracy evaluation [13]:
Mean Absolute Deviation:

MAD = (1/n) x Z; |6; - 9] (10)
Root Mean Square Error:

RMSE = V[(1/n) x i (& - Swei)?] (1)
Standard Deviation of Measurements:

o =V[(1/(n-1)) x Zi (i - )°] (12)
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To reduce measurement noise and improve tracking
stability, the system implements a discrete Kalman filter
[14].

Xk = [positiony, positiony, position,,

velocityy, velocityy, velocity,]T (13)

Prediction Equations:
X klk-1=F k xx k-1]k-1 (14)
P klk-1=F k xP k-1k-1 xF kT+Q k (15)

Update Equations:

Ky = Pik-1 x HiT x (Hi x Pik-1 x Hi T+ Ri)™ (16)

Kk = Xilk-1 + Ky x (zi - He X xufk-1)  (17)

Pylk = (I - K % Hk) % Pylk-1 (18)

where Fix is the state transition model, Hx is the

observation model, Qx is the process noise covariance,
and R is the observation noise covariance [14].

For different patient-to-camera distances, the system
applies proportional scaling:

(19)

scale_factor = dcurrent / deatibration
measurement,diusted = Measurementy * scale factor (20)

Based on modified Z-Score Method [15] the system

identifies outliers using the modified Z-score:
M; =0.6745 x (x; - medianx)) / MADx, ~ (21)

Points with [Mj| > 3.5 were classified as outliers and

filtered from calculations. For time-series data, the
system applies a temporal filter.

validity check = |x¢ - x;-1| < threshold X Giemporal (22)

The overall position confidence combines individual
landmark confidences:

Crotal = (Zi ¢i X wi) / (Zi Wi) (23)
where ¢; is the individual landmark confidence and w; is
its importance weight.
without fresh

Confidence decreases time

measurements:

over

Ciy = Co x e™(-Ay) (24)

where A is the decay constant and t is the time since last
reliable measurement.

For derived quantities, uncertainty propagates according
to [16]:
o_f2 =% (0f/0xi)* X o (25)

where f is the derived quantity and o; represents
individual measurement uncertainties.
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The system accounts for calibration uncertainties in
final measurements:

Gtotal2 = Gmeasurement2 + (5calibration2 + Gsystematic2 (26)
This mathematical framework ensured robust, accurate
position tracking while maintaining computational
efficiency suitable for real-time clinical applications.
The  multi-layered  approach  to  uncertainty

quantification and error correction provided the desired
precision.

3. Results

The accuracy testing revealed distinct performance
characteristics for different tracking modes. The
significant difference between facial and pose tracking
accuracy suggests different coordinate systems or
calibration factors, with pose tracking demonstrating
millimeter-level — precision suitable for clinical
applications [17]. Recognition testing across 60 trials
revealed significant dependence on environmental
conditions. The results indicate that facial recognition
performance is critically dependent on optimal lighting
conditions, with complete failure under suboptimal
lighting scenarios. The calibration system demonstrated
100% marker detection accuracy across multiple
distance settings (50-150 cm) and stable calibration
parameters across repeated procedures. The platform
successfully integrated multiple tracking modalities
with the following capabilities:

- real-time processing at HD resolution (1920x1080)

- simultaneous facial and pose tracking

- patient-specific positioning history logging

- customizable distance settings for different clinical
scenarios.

Face Tracking (pixels)

Sample Size (X): 100

Mean: 453.64 pixels Mean:
Standard Deviation: 430.11 pixels
Tnterquastile Range: 41.9 pixels

Range: 128.5 pixels Range: 1.6 m

Fig. 2. Position Accuracy Distribution Comparison.

Box plots (Fig. 2.) display the five-number summary
(minimum, QIl, median, Q3, maximum) with boxes
representing the interquartile range (IQR) containing
50% of the data. Whiskers extend to 1.5%XIQR from
quartile boundaries, with outliers plotted as individual
points beyond this range. The red line within each box
represents the median value. The box plot analysis
reveals distinct performance characteristics across the
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three measured parameters. Pose tracking (Fig. 2.a.)
demonstrates exceptional consistency with a narrow
distribution (IQR = 0.5mm) and minimal variance (¢ =
0.30mm), indicating robust precision suitable for
radiotherapy applications.

Face tracking (Fig. 2.b.) exhibits significantly higher
variability (o = 30.11 pixels) with a broader interquartile
range (41.8 pixels), suggesting potential calibration
inconsistencies that require optimization. The larger
spread indicates less predictable performance compared
to pose tracking.

.Ill“lll. Illl“‘llll
a) b)

Fig. 2. Tracking distributions: a) Pose; b) Face

Recognition performance shows extreme bimodal
distribution characteristics, with success rates varying
from 0% to 42.3% based on environmental lighting
conditions. The high standard deviation (21.2%)
compared to the mean (11.4%) reflects the binary nature
of performance under different conditions.

The statistical distributions confirm that pose tracking
meets clinical precision requirements, while face
tracking and recognition modules require further
development for reliable clinical deployment. The
analysis indicates system robustness under controlled
conditions but sensitivity to environmental variations.

4. Discussions

The developed Al positioning platform demonstrates
significant potential for improving the manual
positioning component of radiotherapy workflows [19].
The millimeter precision achieved in pose tracking
approaches the accuracy requirements for many
radiotherapy applications, particularly when used as a
positioning aid rather than a replacement for imaging
verification [1]. The contrasting performance between
facial landmark tracking and pose tracking warrants
further investigation. The large deviations observed in
facial tracking suggest potential issues with coordinate
system calibration or the need for specialized calibration
procedures for facial landmarks. In contrast, the
excellent precision of pose tracking indicates robust
performance for body positioning applications. The
facial recognition results highlight a critical limitation
of the current system. The complete failure under dim
lighting conditions (0% success rate) severely limits
clinical applicability, as clinical environments often
have variable lighting conditions. The 42.3% success
rate under optimal lighting, while promising, requires
significant improvement for routine clinical use. The
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use of standard HD webcams and open-source software

frameworks makes the system cost-effective and

accessible for clinical implementation [20]. However,
several factors must be addressed:

a.) clinical implementation would require standardized
lighting protocols to ensure reliable recognition
performance,

b.) the system must be integrated with existing
radiotherapy =~ workflows  without  disrupting
established safety protocols [2],

c.) clinical staff require training in system operation and
interpretation of positioning feedback [21].

5. Limitations

This study has several limitations that must be
acknowledged:

a.) testing was performed on a limited number of
subjects, requiring expansion for comprehensive
validation,

b.) testing was conducted under controlled conditions
that may not fully represent clinical environments.

c.) the facial recognition component requires significant
optimization for clinical viability.

d.) different tracking modes appear to require different
calibration approaches.

6. Conclusions

This study presents the successful development of an
Al-driven patient positioning platform that demonstrates
certain potential for improving manual positioning
procedures in radiotherapy. The system utilizes standard
hardware (HD webcam) and open-source software,
making it cost-effective and widely implementable. The
platform successfully integrates multiple tracking
modalities  with  patient-specific  logging  and
customizable clinical protocols. Facial recognition
performance  requires  significant  optimization,
particularly under variable lighting conditions. The
platform represents a remarkable step toward Al-
assisted radiotherapy positioning, though further
development is required to address recognition
limitations and expand clinical validation [22]. Future
work will focus on expanding patient testing, optimizing
recognition algorithms, and conducting comprehensive
clinical integration studies to fully validate the system’s
potential for improving radiotherapy positioning
workflows.
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LUNA 3D - Makes precision effortless

At LAP, our legacy of an innovation the for laser-based patient positioning has set the standard for precision in
radiotherapy for decades. Building on this foundation, we developed LUNA 3D, a cutting-edge SGRT system designed
to revolutionize patient positioning and the motion monitoring in the radiation therapy.

LUNA 3D leverages high-resolution stereoscopic cameras and an advanced blue speckle light projection to deliver a
submillimetre accuracy for patient setup and continuous real-time monitoring. This allows for precise patient positioning
for each treatment fraction, enabling focused patient care.

LUNA 3D simplifies workflows with its user-friendly interface and support of ergonomic setup positions, allowing
focused patient care. The real-time monitoring capabilities provide peace of mind by instantly detecting and correcting
patient movement. Its seamless integration and browser-based architecture offer easy access to critical data, supporting
informed decision-making and continuous improvement of treatment protocols. LUNA 3D embodies LAP's commitment
to precision and safety in radiation therapy. Embrace the future with LUNA 3D for superior patient positioning and motion
monitoring.

RadCalc - Precision where it matters most

Simplify and accelerate radiation therapy quality assurance with RadCalc. Powered by Fast Monte Carlo technology that's
6 times faster, RadCalc ensures precise dose calculations in significantly less time.

The RadCalc portal, designed for simplicity, offers an intuitive interface streamlining workflows. With in-vivo and
logfile-based dose verification and phantom-free patient QA workflows, RadCalc combines accuracy and efficiency,
allowing clinicians to focus more on delivering exceptional patient care.

Empowering smarter decisions before treatment with LUNA 3D and RadCalc TrueDose

RadCalc TrueDose brings dose-guided analytics directly to the treatment console, empowering teams to catch dosimetric
errors before the beam is delivered. Leveraging daily surface data to reflect patient positioning variations enables pre-
treatment dose validation with clarity and confidence. Simple pass/fail alerts guide therapists in making precise, dose-
informed shifts without adding complexity to the workflow. Precision you can see and confidence you can act on.

[LAP|

www.lap-laser.com, www.radcalc.com
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Abstract: Internal clinical audit is a powerful quality
improvement tool for radiation therapy, interventional
radiology and radiodiagnostic departments, as it includes
review of wide range of topics connected to patient
radiation safety, overall clinical experience, technical
opportunities and gives detailed guidelines for further
process development.

The aim of this study is to make systematic review of two
Latvian radiodiagnostic institution internal clinical audits
which are based on IAEA QUAADRILL methodology
and worksheets. The audit result review gives an insight
into practical methods and tools for internal audit
performance, paying attention to possible positive
findings as well as parts of clinical practice where
improvements are needed.

Keywords: Radiology, clinical audit, audit

1. Introduction

To introduce clinical audit approach into quality control
(QC) procedures of institution, it is useful to look at
different definitions of this concept.

Clinical audit as defined within the BSSD (Basic Safety
Standards Directive) is “a systematic examination or
review of medical radiological procedures that seeks to
improve the quality and outcome of patient care through
structured review, whereby medical radiological
practices, procedures and results are examined against
agreed standards for good medical radiological
procedures, with modification of practices, where
appropriate, and the application of new standards if
necessary.” [1]

The ESR (European Society of Radiology) defines
clinical audit defines as: “a tool designed to improve the
quality of patient care, experience and outcome through
formal review of systems, pathways and outcome of care
against defined standards, and the implementation of
change based on the results” [2].

The TAEA comes with definition of clinical audit as a
tool which ,,involves evaluation of data, documents, and
resources to check performance against standards. It is
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essentially a process of fact finding and interpretation
and, as such, provides an efficient tool for improvement
of quality”. [3]

To compile all definitions, clinical audit can be
understood as a review of clinical approach of radiology
practice for further clinical process improvement.
Clinical audits are often internal, i.e., carried out within a
certain health care institution. Internal audits should be
routine activities within a good quality system. External
audits, on the other hand, are performed by auditors that
are external to the institution and thus totally
independent. [3]

There are different audit guidelines, guiding through
different parts of radiology practice thus helping auditors
to get full spectrum review of clinical practice in
department. The most popular are ESR Guide Esperanto
4th edition [4] and IAEA QUADRILL ([3] guidelines.
They include basic explanation of audit importance in
QC program and give templates for practical use in
internal audits.

In Latvia, there is a Regulations Regarding Protection
Against lonizing Radiation in Medical Exposure which
defines clinical audit periodicity once per five years
including all imaging modalities used in institution.[5]
This regulation does not include any of audit
methodology, main points of interest or definition of
involved personnel. Radiation Safety Centre as a
Regulator in Latvia gives brief guidelines on clinical
audit performance. [6]

The implementation of clinical audits into quality control
(QC) programs within Latvian radiology departments
faces several challenges. These include a lack of
specialized training and education, as well as limited
personnel resources. The process is further hindered by a
prevailing "blame culture," which prevents institutions
from fully leveraging the benefits of an audit.
Additionally, the availability of outsourced clinical audit
services may discourage the development of internal
audits as an integral component of an institution’s QC
system.
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The methodology for clinical audit, adapted from the
IAEA, and the practical findings from two internal audits
reviewed here provide a framework for implementing
audits in a radiology department. This approach is
particularly useful for institutions with limited workforce

capacity.
2. Methods

Internal clinical audits were performed in two radiology

departments in Latvia between January 2024 and May Method Institution 1 Institution 2
2025. Mammography 3084 441
Both institutions have full technological support which - t'CT R 14082 20346
ives a wide spectrum of diagnostic examinations onventional A-Ray

gossible (see Tabl% 1) £ Fluoroscopy X-Ray 11004 29343
P . Mobile X Ray

. C-Arm 1000 236
Table 1. Technological support Anglography 400 =

3. Results

Both institutions have clear visions of becoming the
leading multi-profile medical centers in the region, which
provides high-quality healthcare, and education centers
for medical professionals. The annual number of
examinations is defined in table 2.

Table 2. Number of examinations per year (statistics from
2024)

Method Institution 1 Institution 2
Mammography 1 1
CT 1 2
Conventional X-Ray 2 2
Fluoroscopy X-Ray 1 1
Mobile X Ray 1 3
C-Arm 4 2
Angiography 1 0

The audit was planned and conducted within the daily
routine without dedicated time slots. The clinical audit
methodology was based on the IAEA QUADRILL
worksheet templates, which were translated into Latvian
for use by all involved personnel. The worksheets were
created in MS Excel and organized by topic, including
general questions, department structure, education and
research, patient referral, examination procedures,
optimization, infrastructure, radiation protection and
safety, equipment, quality assurance (QA) procedures,
and measuring devices.
An audit team consisted of local personnel, including a
medical physicist, a Radiological Technologist (RTT),
and a radiologist (or a traumatologist for C-arm
machines). A medical physicist also delivered an
introductory presentation outlining the audit's aims and
objectives.
The internal clinical audit methods included:

e Interviews with involved personnel

institution's board.

e Review of documentation and technology.

e On-site visits and process observations.

e A review of clinical practices from the patient's

and the

perspective,  including an  evaluation of
documentation flow, communication, and patient
education.

e An analysis of imaging quality and radiation safety,
including dose analysis.

All findings were compiled in a comprehensive audit
review, which highlighted both positive outcomes and
areas requiring improvement. The results were then
presented to the involved personnel and institution board
members. The entire audit process—from supervision to
the final review and presentation—was conducted by the
medical physicist.
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To facilitate a more qualitative analysis of department
workload in the future, it is essential to develop a robust
methodology for data collection. This should include
collecting demographic data on patients (e.g., adults and
children) and defining the workload on the equipment
used for specific procedures.

Institution number 2 has two main branches that serve the
northern part of the Latvian West Coast region.

While both institutions are involved in training new
professionals, they have limited research activities due to
a scarcity of research resources and staff. This same
limitation significantly impacts the development of
quality documentation, which is crucial for ensuring a
standardized approach to work and for reducing the
number of errors and unnecessary radiation exposures.
The departments are well-equipped with new machinery
(less than 10 years old), capable of performing a full
range of patient examinations and procedures. The oldest
equipment is scheduled for replacement after 10 years of
use.

Both institutions also provide emergency services. The
examination rooms are clean, well-conditioned, and
arranged with restricted access for personnel only.
Radiation control areas are clearly marked, and
emergency equipment and air panels are available in all
rooms.

Staff members regularly attend continuing education
events and effectively implement their new skills and
knowledge in their daily work. Both departments have a
dedicated Radiation Safety department, which is
equipped with all the necessary instrumentation to
perform quality assurance (QA) procedures. All radiation
protection activities are performed regularly and
thoroughly.

3.1. Documentation review

There is a high importance of clinical and quality control

activity process reflection in documentation. In both

institutions the largest part of documentation is in a paper

form. The documentation include:

e patient specific documents: patient examination
registration journals, patient referral, patient
health/pregnancy status questionnaires, volunteer
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questionnaires, patient examination procedure
guidelines;

e radiation safety specific documents: incident
registration  journals, journal of rejected

examinations; radiation survey protocols, patient
dose analysis reports;

e instrumentation/ machine specific documentation:
medical equipment journal, user manuals;

e quality control specific documentation: QA
procedure description, dosimetry equipment list, list
of acceptability criteria, instructions, QA procedure
templates etc.

The medical physicist conducted the documentation
review during the on-site visits.

Patient examination data is entered into a registration
journal in compliance with the Cabinet of Ministry
regulations for manipulation traceability. Additionally,
patient dose and weight are recorded for subsequent dose
analysis, especially in the absence of an automatic dose
management system. It was frequently observed that
these data inputs lacked precision and completeness,
often with missing dose or weight values.

Before CT examinations with contrast media, patient
health status questionnaires are utilized. The content and
quality of these forms were deemed acceptable.
However, it was noted that forms related to patient
pregnancy status and volunteer questionnaires were not
implemented correctly, as the reproductive age was not
defined, leading to a lack of clear instructions for
personnel. Furthermore, the volunteer form did not
include information about the person being examined.
No clinical guidelines for examination procedures were
in place. All manipulations were based on individual
experience and "well-known truths," which creates room
for misunderstandings and varying clinical approaches.
A clear procedure for accepting new equipment into
operation is necessary. This procedure should involve
verifying compliance with all parameters specified in the
technical documentation. The acceptance report should
be signed by both the medical physicist and the supplier
and then stored in the equipment's log. It is crucial that
the medical physicist participates in the acceptance
testing.

Regarding medical technology documentation, it was
found that regular entries were not being made in the
journals. This was due to the journals' frequent changes
in their storage location, which led to service institutions
skipping the input.

Quality Assurance (QA) procedure protocols, radiation
survey acceptability criteria, and instructions were stored
electronically. While some protocols were in the process
of being developed according to international guidelines,

their compliance with national regulations was
confirmed.
3.2. Involved personnel and institution board

interview

The medical physicist conducted interviews with the
institution's board to understand their vision for the
radiology department's development, their future
technological needs, and their awareness of current
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limitations and resource shortages. The interviews
revealed that the number of staff is insufficient to
maintain a level of work quality consistent with good
clinical practice. Possible solutions and the need for
greater staff involvement were identified during these
discussions.

Interviews regarding workflow, procedures, and
radiation safety were conducted with the corresponding
department heads. The answers were compiled in an MS
Excel worksheet, and the main findings are summarized
in Chapter 3.3.

3.3. Onsite visits and process review

The medical physicist conducted unscheduled on-site
visits to all types of imaging modalities as part of the
daily routine, ensuring that all radiation safety procedures
were followed.

Conventional X-Ray machines. Radiographic
examinations are performed according to the projection
recommendations learned by assistants during their
training. In Institution 2, an inappropriate imaging
machine is used for traumatological examinations, as it
lacks the necessary equipment (e.g., handles, mobile
detectors). Following the audit, a recommendation for
process improvement was made.

CT machines. Institution 1 has an insufficient number of
staff to ensure a quality of work consistent with good
clinical practice. For instance, there should be two
Radiological Technologists (RTTs) per CT machine.
Currently, a single radiologist assistant performs all
manipulations, including patient positioning, explaining
the procedure, connecting the contrast medium
administration system, and completing the manipulation
journal. By contrast, Institution 2 provides a positive
example of effective workload management between
RTTs and nurses. In both departments, built-in scanning
protocols are used, but it was found that correctly
implemented scanning protocols for children are lacking.
Mammography machines. Mammography procedures
were found to be consistent with good clinical practice
and adhered to patient healthcare guidelines. The number
of mammography screening procedures is intentionally
increased each year. However, it was noted that there is
no system for registering unreasonable exposures, even
though examinations are sometimes repeated.
Fluoroscopy and C-Arm machines. On-site visits were
highly valuable for observing the real-time positions of
personnel during exposure, as well as the "worst-case"
positions of X-ray machines (e.g., rotation angles,
collimation) in combination with staff locations. This
information is crucial for conducting future radiation
surveys under conditions that closely simulate reality to
predict high-exposure regions.

Additionally, the audit examined the radiation safety
culture, including the correct use of protective aprons and
glasses, as well as adherence to the principles of distance,
time, and shielding. The on-site visit revealed a lack of
protective aprons for all personnel to meet hygiene
standards for personal use. Furthermore, the fixations on
the existing aprons were of poor quality, making them
uncomfortable. The purchase of new aprons was
organized following the audit.
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Images from C-arm machines were not being transferred
to the PACS system for two main reasons: patients were
not correctly identified, with empty tags and missing
information; and the machine was not configured to send
images to the PACS. Following the audit, personnel were
trained on complete patient data entry, and the
connection to the PACS was established for machines
with this technical capability.

Individual Dosimetry and Radiation Safety Culture.
It was necessary to re-instruct personnel in all imaging
rooms on the correct use of individual dosimeters. These
devices are essential for analyzing the dose of ionizing
radiation received by staff and for assessing the
effectiveness of room protective barriers. Based on the
doses recorded, personnel are categorized as A or B
employees, which determines the maximum permissible
dose. All employees in a controlled zone are obligated to
wear their issued individual dosimeters. Regularly
conducting on-site audits is essential to improve the
culture of wearing individual protective equipment.
On-site visits also provided a valuable opportunity for
staff to ask questions about radiation safety, technology
use, and examination quality. Small issues and minor
information gaps were resolved immediately, as well as
serious inaccuracies in radiation safety procedure.

3.4. Review of clinical practice

This review of clinical practice combines insights from
interviews and on-site process observations, with a
particular focus on the patient's perspective. It includes
an analysis of documentation flow, communication, and
patient education.

Patient Referrals. Patients are referred for radiological
examinations by a family doctor, a specialist, or through
a mammography screening invitation (sent to women
aged 50 and over every two years). No patient is
examined without a doctor's referral, even if the e-health
system is down and electronic referrals are unavailable.
Referrals are always provided in paper format, even if
they were originally issued electronically.

Radiological Technologists (RTTs) are trained to
evaluate referral indications to determine the necessity of
an examination. They check if a similar examination has
been performed previously or if required laboratory
analyses have been completed. If a patient does not have
sufficient indications or if the examination cannot be
performed due to laboratory results, the RTT declines the
examination. The patient is informed of the reason for the
refusal and provided with recommendations for further
action. Such cases are documented in the “Journal of
Refused Examinations,” noting the reason for refusal and
retaining the referral.

It was found that referrals from local department
specialists are often incomplete, lacking essential clinical
indications and information about the referring
physician. In these cases, the RTT must contact the
specialist for clarification. If the specialist is unavailable,
the on-site radiologist makes the final decision regarding
the necessity of the examination.

Examination Procedures and Patient Care.
Mammography examinations are conducted in
accordance with local screening guidelines. In Institution
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1 an ultrasound (US) device is available in the
mammography room for further clarification. Before any
examination, the procedure is explained to the patient in
a way and language they can easily understand.

To ensure patient confidentiality, most examination
rooms use a queueing system where patients are called
by the number they received at the reception desk. Before
an examination, the patient is positively identified by
repeatedly confirming their last name. Personnel are
aware of potential breaches of confidentiality, such as
copying DICOM files, sending patient data screenshots
via messaging platforms (e.g., WhatsApp), or using
unauthorized access. Patients do not have access to other
patients’ examination data, outpatient charts, or other
documentation.

For special patient groups, such as pregnant women, the
need for an examination is carefully assessed, and
alternative methods that do not use ionizing radiation are
offered. Women sign a questionnaire regarding their
pregnancy  status. When examining children,
optimization principles are followed, including beam
collimation and the selection of an appropriate imaging
protocol. If a child requires an accompanying person, that
individual signs a consent form to be a volunteer
assistant.

Infection control procedures are strictly followed during
patient care. These include wearing protective gloves,
disinfecting surfaces, or covering them with a napkin,
and proper management of sharp medical waste.
Training and Documentation. In the case of new staff,
work instructions and training are conducted by a
designated trainer. However, no formal documentation
has been developed to describe the instructions for
performing specific manipulations. As part of the quality
program, it is essential to develop detailed manipulation
instructions for each imaging technique and anatomical
localization.

Examination Description. A radiologist conducted an
analysis of examination descriptions, verifying their
acceptability against good clinical practice. When
creating an examination description, the referral is
attached, and the clinical indications are clearly stated.
The specific examination performed and the patient's
position are noted. If a contrast agent is used, its name
and volume are recorded. All other necessary fields in the
description meet the required standards.

3.5. Image quality, radiation safety, dose analysis

Image quality. During on-site visits and interviews with
radiologists, image quality was found to be at a good and
acceptable level. However, no internal clinical guidelines
existed for classifying image quality into the
Commission of European Communities (CEC) defined
PGMI ranges (Perfect, Good, Moderate, Inadequate).
Image quality is regularly tested using a test pattern and
phantoms. Equipment tests are conducted twice a year for
each device, in accordance with Latvian regulations on
protection against ionizing radiation in medical
irradiation. Test procedures and forms have been
developed to ensure a uniform methodology, facilitate
the comparison of results, and monitor trends. High-
quality testing equipment is also available at the hospital.



Sandra Stepina et.al / Medical Physics in the Baltic States 17 (2025) 102-107

A key challenge is that some equipment criteria specified
in legislation are not applicable to modern technology.
Additionally, the required compliance criteria are often
significantly higher than the equipment’s actual
accuracy.

Radiation safety. Both institutions have a Radiation
Safety Department with two medical physicists and
medical physics experts. Radiation safety instructions are
available for each department.

Each employee is provided with appropriate individual
dosimeters based on the type of manipulation they
perform. Personal chest dosimeters are used in radiation
diagnostics, eye dosimeters are worn in the angiography
department, and electronic dosimeters can be issued to
pregnant employees, as well as to guests or students.
Annually, the medical physics expert submits a report to
the Regulator on all activities involving ionizing
radiation sources. This report includes information on
equipment inspections, personnel compliance, and the
dose indicators received by both personnel and patients.
The Radiation Safety Center also conducts periodic
inspections, providing a report with recommendations for
improvements in the departments' work with X-ray-
generating machines.

While the responsibilities of radiographers and
radiologist assistants regarding quality assurance,
radiation protection, and patient dose recording have
been explained, their understanding appears incomplete.
This highlights a need to improve the practical
knowledge of Radiological Technologists (RTTs) and
radiologists concerning radiation safety.

It is necessary to re-explain the importance of new
guidelines for the use (or non-use) of lead-equivalent
aprons for patients. The audit found that aprons are still
used on infants, but only when the machine is in manual
mode (without automatic exposure control). The
possibility of potential errors and negative effects on
patients from apron use must be addressed. To improve
patient awareness, informative posters should be placed
in waiting rooms to educate them on modern radiation
safety requirements.

Dose analysis. A dose analysis was conducted on last
year's examinations. In Institution 1, two methodologies
for dose recording are used: a paper-based form with
RTT inputs and Radiation Dose Structured Reports
generated and exported from the device. In Institution 2,
all radiological devices except the mammography unit
are from a single vendor and are connected to an
automatic dose monitoring system. However, no dose
records from C-arm machines were analyzed due to
incomplete patient data in both institutions, such as
missing IDs and patient weight.

Patient data records include patient identification, patient
weight (or breast compression thickness for
mammography), and dose readings (DLP for CT, DAP
for X-ray machines, and dose meter for mammography
and angiography units). The median dose value for each
projection was calculated for five different weight
ranges. For the reference patient weight range of 60 to 80
kilograms, the median value was compared to Dose
Reference Levels (DRLs) (Table 3). For mammography,
four breast compression thickness regions were defined,
and the median dose value was calculated accordingly.
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Only the dose value for a breast thickness of 40 to 50 mm
was compared to the defined DRL (Table 4).

The majority of the calculated median dose values fell
within the DRLs. Examination regions that exceeded the
DRLs were further investigated. For example, it was
found that the CT examination for paranasal sinuses used
a head protocol, resulting in a higher dose for patients. In
response, a separate protocol was created. For cervical
vertebrae X-ray examinations, the median dose exceeded
the DRL by 2%, which was attributed to the collimation
used and the specific clinical approach to the
examination.

The median dose for mobile X-ray examinations
exceeded the DRLs in both institutions. As these units
lack automatic exposure control, the manually used
parameter presets were found to be unoptimized. While

image quality was generally acceptable, some
overexposed images were noted, leading to a
recommendation for exposure optimization.
Table 3. Dose analysis for lung x ray examination
. AP/PA, LL, DRL, uGy-m?
Weight kg | Gym? | pGym? | AP | LL
<50 4.53 7.85 - -
(50-60] 4.93 12.43 - -
(60-80] 6.19 21.10 13 35
(80-90) 7.61 31.86 - -
>90 10.14 50.34 - -
Table 4. Dose analysis for mammography examination
Compression | RCC,| LCC, |RMLO,|LMLO,| DRL,
thickness, mm | mGy | mGy mGy mGy mGy
<40 0.84 0.84 0.86 0.87 -
(40-50] 0.91 | 0.985 0.96 1.06 2
(50-60) 1.06 | 1.115 0.95 1.2 -
>60 1.38 1.26 1.39 1.32 -

A significant finding was the lack of specific CT
examination protocols for children aged 4-18 years.
Consequently, adult scanning protocols are being used,
which results in a higher radiation dose for pediatric
patients. To address this, there is a clear necessity to
develop and implement dedicated pediatric CT protocols.
Furthermore, there is a need to optimize CT imaging
protocols for combined examinations, for example: head
and cervical vertebrae, where the head requires both hard
tissue and soft tissue contrast, the neck requires only hard
tissue contrast; neck soft tissue and lungs (for oncology
patients); lungs and abdomen and pelvis.

4. Discussion

An internal clinical audit is a powerful tool for reviewing
clinical practices. It can reveal technical limitations and
identify gaps in personnel knowledge regarding radiation
safety procedures. The audit also provides a structured
way to review documentation and connect it directly to
the clinical workflow.

Despite its benefits, clinical audits are often viewed as a
means of finding errors and assigning blame, rather than
as a tool for improvement. To address this perception,
regular personnel training is crucial.

Both audits were led by a medical physicist. As such, the
review of processes and documentation, except for
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examination descriptions, was conducted from the
medical physicist’s perspective. While the full
involvement of RTTs (radiological technologists) and
radiologists was requested, it was not as comprehensive
as needed. Consequently, not all aspects of the clinical
process may have been fully evaluated.

The audit process, including the preparation of the final
report, is extremely time-consuming. Because these
audits were conducted alongside the medical physicist's
daily responsibilities, the entire process was extended
over several months.

After the audit, it is essential to present the results to all
involved personnel and board members, providing
insight into the actions needed. The list of findings and
potential solutions must be discussed and then
implemented promptly. Follow-up audits are also
essential to ensure that changes, new implementations,
and improvements in personnel radiation safety culture
are maintained.

5. Conclusion

Regular clinical audits are effective tools for significantly
improving clinical practice and enhancing radiation
safety. These audits serve as a systematic review of the
entire procedure chain. On-site visits are particularly
valuable as they provide a realistic view of how imaging
devices are used, revealing insights into personnel
radiation safety culture and education. The data collected

107

from these visits helps to identify specific areas that need
improvement.

Establishing clinical guidelines based on an institution’s
specific practices is crucial for ensuring both high-quality
images and patient radiation safety. Before an external
audit is performed, it is essential to conduct an internal
clinical audit. This step helps to identify and correct most
inaccuracies or errors in clinical practice, making the
process more efficient and effective.
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Abstract: Spectroscopy is a substantial tool and one of
the key enablers in nuclear research and its applications.
As the demand for available and promising healthcare
grows worldwide, equipment and medical measurement
tools have to match the increasing expectations. The
topic of this work focuses on developing a low-cost and
user-friendly digitization tool that captures and analyzes
scintillator detector pulses by generating the particle
dependent energy spectrum at the end of the
measurement.

Keywords: spectroscopy, particle energy analysis, signal
processing.

1. Introduction

Radiology has long been one of the foundation branches
of modern medicine. X-ray, PET, mammogram and
other procedures greatly expand the healthcare
capabilities and knowledge of the human body and its
behavior to various factors. Although mentioned
technologies are not new, their complexity still
challenges the accessibility and benefit even today.
There is an obvious demand for reducing cost and
intricacy, hence enhancing the availability of nuclear
technology-based medical equipment worldwide. While
developing a standalone medical diagnostic system
might require significant time period, securing different
compliance certificates that have extremely strict
regulation due to the industry’s specifics and extensive
funding, there are still alternative ways to improve
nuclear technology-based medical procedures. One of
the possible approaches is to develop a real-time pulse
registering and digitizing system that is also kept low-
cost and relatively simple to use. Functionality could
vary from simple examples like crude equivalent dose
approximation that is received during medical
procedures to complex nuclide absorption/emission
imaging of PET scan using detector arrays. Exactly such
a device is described in great detail throughout this
article.
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2. Device architecture and working principle

Following system has several assumptions for its ideal
use case:

® Physical method for registering ionizing radiation is
light-based (scintillator is used as a primary pulse
capturing device.) Longer excitation and decay time
materials are preferred, for example, sodium iodide.

® Electrical pulse has shaping/preconditioning before
direct digitization.

® Maximum system data load that is continuously

processed is couple hundred pulses per second.
Extreme measurement object activity overwhelms the
system.

® Personal computer or other Ethernet capability
supporting device is required for final data processing
and statistical depiction. System only incorporates
analog front end, digitization and data transfer.

These prerequisites allow to reduce complexity and cost
of the system. The analog front end and chosen analog
to digital converter determine that 3-6 ps duration
pulses are processed and interpreted with the highest
accuracy offered by the system. It implies the need of
signal shaping (most often cascaded integration or
Gaussian form) that expands fast scintillator pulses
preserving the amplitude to duration and form relation.
Goal of this step is to yield enough signal duration for
digitization process without implementing complex and
costly signal processing hardware. While the design of
analog scintillator signal shaping amplifier is not a topic
of this article, it is sufficient to mention that the exact
amplifier used for system testing consisted of two
cascaded Sallen-Key active filters.

Following challenge of the data acquisition system is
triggering, storage and transfer algorithm, since pulses
are not deterministic. Not a single sample of every pulse
can be missed, while simultaneously checking for pulse-
threshold compliance with the established setup. Simple
rising edge trigger based digitization would result in
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loss of crucial signal part - initial rising stage that is still
below the threshold. Solving this issue requires more
sophisticated data management algorithm. Circular
constant sampling buffer is implemented in conjunction
with delayed square signal falling edge trigger.
Considering constant 10 MSPS sample rate, 32 element
buffer size was experimentally picked as the best
compromise. Mentioned parameters result in maximum
theoretically registerable pulse of 6.4 us. These numbers
are important to understand the trigger mechanism and
its relation with circular buffer. Every pulse from the
amplifier is lead through a comparator with adjustable
threshold. Upon threshold reaching pulse comparator
generates a short square signal, which is then
deliberately prolonged to some adjustable value. Falling
edge of the prolonged signal triggers a current state
circular buffer copy that is later written into digital
memory and sent via Ethernet to host processing device.
No matter, how long the actual pulse is (as long as it is
in the specified interval), it’s beginning in time domain
will always be almost perfectly aligned with the first
element of circular buffer. That is achieved by fine-
tuning the delay time of square pulse. The main benefit
of this seemingly complex algorithm is the ability to
digitize complete pulse even when part of it has already
passed during threshold comparison. Figure 1 provides
associative signal, time domain, trigger and circular
buffer relation depiction.

Another noteworthy aspect of this system is running
parallel processes. Apart from pulse registering this
system runs another very important task — TCP/IP client
that is regularly transferring data to the personal
computer. Handling full (1500 byte) frame packets
frequently also requires substantial processing power,
which is likely unachievable on one core processing
system without significant pauses in pulse registering
routine. ESP32-S3 microcontroller was chosen to fulfill
2 core processor requirements, it was also preferred
over its rivals for convenient software development
framework ESP-IDF and large online community.
Device also incorporates software procedures for
dynamic IP address acquisition and a custom handshake
mechanism with its host device that enables secure and
reliable usage even in large and complex networks as
long as DHCP server is present. Device control is
implemented through a Python script, that is also run by
the host device. This approach reduces the overall
overhead for the digitization device, since all the
measurement parameters, such as counting mode,
measurement time / count target, etc. are entered by the
user in the Python script and send to the hardware
device in one packet. Final results are written to a text
file in a form of a numerical oscillogram of a pulse:
each pulse has its own time attribute and 32 values
representing amplitude of it. Data can also be written to
a binary file, as well as depicted in a form of energy
spectrum with adjustable histogram class widths. There
are several more options including every pulse graphical
depiction in time domain, or time domain analysis
similar to spectrum analysis, but only expressed in
classes of time difference between neighboring pulses
captured.
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Figure 2 depicts a simplified device block diagram
consisting of a hardware device itself and its separate
blocks, as well as all the additional system components.
Double-ended arrow between ADC and ESP32 means
that microcontroller not only reads the data, but also
generates a clock for ADC. Clock is simply generated
by constantly toggling one of the general purpose pins
between high and low states. This mechanism ensures,
that converter will ever work just as fast as the
microcontroller, data congestion is avoided. It is also
important to mention that Cremat shaping amplifier is
noted in the diagram for versatility and clarity. Any
shaping amplifier can be used instead. Lastly, block
diagram also shows, that system supports power over
Ethernet technology, so cable count and general setup
can be reduced.
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Fig. 1. Signal digitization and trigger algorithm

Taking a step backwards, it is important to explain the
circular buffer sample sequence reconstruction
algorithm and its inherent flaw that might lead to some
small data discrepancies and uncertainties. Trigger
event almost never happens right after circular buffer
turns over to the first element again and starts
overwriting itself. Most often trigger is met with a
buffer of some latest iteration values and part of it still
holds previous iteration values, but its inherent nature
and already described algorithm assure us, that all the
current values hold signal in it. The actual problem that
arises is not knowing exactly which sample was the first
and which one was the last. Of course, having a general
understanding in signal form that is expected offers a
simple solution—dividing the buffer into 2 parts
according to the highest value holding array index and
swapping it. While this approach works perfectly in
most cases, some anomalies might arise analyzing very
low amplitude pulses. Unfortunately, this is the inherent
flaw of such data acquisition algorithm that cannot be
eliminated without fundamental system design revision.
Figure 1 provides a graphical awareness of this aspect
again.
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Fig 2. System block diagram
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3. Test results

This section focuses on actual results and the observed
performance of the system. Testing such a device
immediately in medical equipment use cases might be
difficult and somewhat misleading since it would stress
the device in a very specific way. A better practice is to
make more various condition tests, so as many flaws or
imperfections would be encountered as possible. Siglent
SDG2042X function generator is used to expose the
device response to different measurement scenarios.

— 410 mV
e 526 MV
1230 mV

PPEE O ELEESELEOPESOESS S
VEFP PP PSP PP butse ampiinde, ()

Fig. 3. Measurement result histogram

Three independent measurements of 500 seconds each
were taken. Trapezoid shape signal with 1.5 us both
rising and falling edges time, 1.2 ps high level time of
100 Hz was used during all three measurements. All
other possible measurement conditions were identical.
The only parameter that differed throughout the
measurements was the amplitude of the trapezoid signal.
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Mentioned signal form was chosen to eliminate any
possible discrepancies that could have been introduced
by shaping amplifier. Ideally the device should register
exactly 50000 counts only in one histogram bin (even a
negligible width one) based on described measurement
conditions. Figure 3 illustrates the test result histogram.
As we can see from the legend, 410 mV, 825 mV and
1230 mV amplitude signals were used, peak bins match
these numbers almost perfectly. Peak lines do not
reach 50000 because bin width of only 1 is used, so
same amplitude pulses spread over 2-4 main bins
(zooming on X axis would clarify that). Error spread
across further neighboring bins is practically
unobservable, but function generator jitter also has to be
taken into account of measurement result offset from the
ideal case. Observed results in Figure 3 assure that
device is indeed fully functional and fulfills all its
requirements. Its performance can be directly implied to
use cases with scintillators, signal shaping amplifiers
and other medical equipment.

4. Conclusions

An innovative system that has the potential to improve
medical equipment was presented in this article. A low
cost and complexity scintillation detector pulse-
registering device was characterized in great detail
including its advantageous trigger and circular buffer
digitizing algorithm, some other hardware solutions
(such as main microcontroller and data transfer bus) and
their justification. Provided test results substantiated the
expectations and proved high accuracy of measurement
under different conditions. Minor further improvements
and additional feature adaptation to this system would
result in copious operation in X-ray, PET scans,
mammograms, isotope imaging and other nuclear
technology related medical procedures.
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Abstract: We present the design and operating principles
of a novel differential refractometer optimized for high-
resolution analysis of Dbinary liquid mixtures.
Experimental evaluation demonstrated a refractive index
resolution of 5-1077 nD. Notably, the method shows low
sensitivity to minor temperature fluctuations, making it
especially suitable for the analysis of low-concentration
aqueous dispersions of polymer nanoparticles, where
ultra-high resolution (better than 110 nD) and stable
temperature control are essential.

Keywords: refractometry, high resolution, polymer
nanoparticles, concentration

1. Introduction

Microplastics (MPs) are pollutants consisting of plastic
particles smaller than 5 mm. These particles can
adversely affect humans, aquatic organisms, and entire
ecosystems. A fraction of MPs, known as nanoplastics
(NPLs), has particle sizes in the range of 1-100 nm.
Environmental plastic waste may degrade into NPLs
under the influence of external factors such as ultraviolet
radiation [1]. NPLs often exhibit properties distinct from
bulk plastics and may be more hazardous. Although
research in nanotoxicology has advanced significantly in
recent years, knowledge of the biological effects of MPs
remains limited [2]. Progress in toxicity studies is
hampered by the difficulty of detecting MPs, particularly
their nanoscale fraction [3]. Specialized analytical
methods are therefore required. In our previous work [4],
we demonstrated that refractometric methods can detect
very low concentrations (down to 1 mg/L) of NPLs in
aqueous media. However, this approach required strict
temperature stabilization of the sample, which
complicates practical use. A differential refractometer, as
proposed in [5], overcomes this limitation. The present
study investigates the potential of such a refractometer
for the quantitative determination of nanosized polymer
particles in aqueous media (mineral freshwater
OECD201) using commercial carboxylated polystyrene
spheres of 26, 40, and 100 nm as model NPLs.
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2. Measurement principle

A differential refractometer is a specialized instrument
used to measure the difference in the refractive index (RI)
between two substances - a sample and a reference
material with known RI. Differential refractometer [5]
consists of two identical measuring cells one of which is
shown in Fig. 1.

Laser diode Sample liquid
|
Ny

w
Tranfsparent @ §
ace a
b
Optical ; o
measuring element 2 3

Fig. 1. Measuring cell with a plane—parallel plate as the
measuring element. S1 and S2 — refracted beams; 3 — laser
beam width; ® — angle of incident laser beam; ¢ — incidence
angle on the measuring element; 6 — outgoing angle; A—F —
reference points; ni — RI of the sample liquid; n. — RI of the
optical element.

The position of the beams S1 and S2 on the CCD-sensor
it is uniquely determined by RI n; of sample liquid. In
turn, ni is uniquely determined by the concentration of in
the sample. By examining the path of light rays in a
measuring cell, it can be shown that the refractive index

n; is related to the angle 0 as follows:

2 .
ny = 3/n2 + cos2® — sin26

(1

Thus, the accuracy of determining the angle 6 is
determined by the accuracy of measuring the position of
the signals S1, S2 on the sensors. This is achieved due to
two experimentally observed factors [5]. Firstly, with a
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change in the refractive index, a parallel shift of the signal
occurs along the sensor without changing its shape.
Secondly, there are sections of linear decrease in the
signal amplitude. To confirm these observations, we
conducted a computer simulation of the signals, the
results of which are shown in Fig. 2. The measurement
results are also shown there.

signals for samples with two different refractive indices
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Fig. 2. A1 - the result of numerical modeling of CCD- sensor
signals for two values of the refractive index of the sample; A2
a) - measured signal of the CCD-sensor, b) - linear
approximation of the front of the signal of the CCD-sensor

To determine the position of the signal image on the
sensor, it is generally sufficient, to indicate the of any
selected point B, which we select as follows. Let us
consider the section AC of the right edge of the signal
(see Fig.2. A2 b)), which includes signals from pixels
whose readings lie in the interval (0.8 — 0.5) from the
maximum value of the signal amplitude. Now, we can
determine the “coordinates” Nz of point B from the
condition that the value of signal amplitude takes on a
certain given value Ig. In the calculations, we assumed
that Ig = 2500. The diagram of the differential
refractometer is shown in Fig.3.

The differential refractometer consisted of two
measuring cells. The first cuvette contains a solvent with
a refractive index of n3. Another cuvette contains a
solution with a refractive index of n4. The light beam
from the laser diode was divided into two parts using a
splitter, one of which was directed directly at the input
window of the first cuvette. The second part is directed
using a mirror to the entrance window of the second cell,
and the mirror is positioned such that the angles ® of
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incidence of both beams are equal to each other. The light
beams emerging from the measuring elements were
recorded using a CCD sensor. In this case, when n3 = n4
and 6 = 01, the rays emerging from the measuring
elements are parallel. The images of the signals from the
sensor are shown in Fig.4. The position of the signals on
the sensor is determined by points BO and Bl, the
coordinates of which, N(n3) and N1(n4), are determined
in the manner described above.

CCD sensor
Laser diode
. Beam splitter ~ Cuvette with solution
(sample)
~ ] '
Ny :ﬁl\
%
|
'
I
»
) t
v Cuvette with solvent
3 (reference) .
Mirror
Computer

Fig. 3. Diagram of a differential refractometer. ¢ — angle of
incoming laser beam; 0 — angle of outgoing light rays; n3 —
solvent; n4 — solute; red arrows — light rays.
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Fig. 4. Sensor signals from a cuvette with a solvent (right
signal) and a cuvette with a solution (left signal). B0, B1—
position of signals on the sensor; N(n3) and N1(n4)—pixel
number coordinates for the position of signals BO and B,
respectively.

The distance A(n3,n4) = N(n3) — N1(n4) changes only
with a change in the concentration the solution, and is
practically independent of temperature [5].

3. Results and discussion

The model particles used in this study were carboxylated
polystyrene (PS-COOH) spheres with diameters of 26,
40, and 102 nm. These particles were dispersed in
OECD202 artificial freshwater at a concentration of 100
mg/L. To register the signals, a Hamamatsu
monochromatic linear 1024-pixel image sensor S9226
with a pixel pitch of Ap =0.0078 mm was employed. The
measured displacements of the CCD signals were 7.8,
7.7, and 7.9 pixels for particles with diameters of 26, 40,
and 102 nm, respectively. The minimum reliably
detectable displacement is 0.1 pixel [5]. Therefore, the
proposed method allows the detection of polymer
nanoparticles at concentrations below 1 mg/L. A detailed
description of light propagation in liquids containing
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nanoparticles should be based on Mie theory [6], which
allows calculation of the phase shifts (and corresponding
refractivity changes) caused by nanoparticle scattering.
However, for suspensions with very low particle
concentrations, light propagation can be adequately
described within the framework of effective medium
theory (EMT), for example, the Maxwell-Garnett
approximation [7].

Refractive index change vs concentration
‘ene in water, A=635 nm (Maxwell-Garnett)
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Fig. 5. Dependence of the refractive index on the concentration
of polymer nanoparticles in water.

Figure 5 shows the calculated dependence of the
refractive index on nanoparticle concentration using the
Maxwell-Garnett model. The calculations are in
reasonable agreement with the obtained experimental
data. Importantly, unlike in our previous work [4], where
nanoparticle signatures could not be clearly observed, the
differential refractometer allowed robust detection and
quantification of polymer nanoparticles at very low

concentrations. This confirms that the proposed
instrument combines the strengths of classical
refractometry with the robustness of differential

measurements. Compared to conventional techniques
such as dynamic light scattering or turbidity analysis, the
refractometric approach provides direct access to the
refractive index increment with significantly higher
resolution and lower sensitivity to temperature
fluctuations. This makes the method especially
promising for environmental monitoring of nanoplastics,
where precise detection at trace concentrations is
required. In addition to polymer nanoparticles, the
proposed method can be extended to other nanoscale
particles of biological origin, such as bacteriophages.
Since phages are nanometer-sized entities with
dimensions comparable to synthetic nanoparticles, their
presence and concentration also induce measurable
changes in the refractive index of aqueous suspensions.
This opens the possibility of applying differential
refractometry for rapid and precise phage concentration
measurements, eliminating the need for labor-intensive
plaque assays or costly qPCR analysis.

4. Conclusions

A novel differential refractometer was designed and
experimentally validated for the analysis of nanosized
polymer particles in aqueous dispersions. The device
achieves a refractive index resolution of 51077 nD and
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allows detection of nanoparticle concentrations below 1
mg/L. The experimental measurements performed with
carboxylated polystyrene spheres of 26, 40, and 102 nm
confirmed the linear dependence of the refractive index
change on particle concentration, in agreement with
theoretical predictions based on effective medium theory.
The results demonstrate that the method is largely
insensitive to temperature fluctuations, which often limit
the accuracy of conventional refractometry. In
comparison with other analytical approaches, such as
light scattering or turbidity measurements, the proposed
refractometer provides superior resolution, robustness,
and quantitative accuracy. This makes it a valuable tool
for studying nanoplastics and polymer nanoparticle
dispersions in environmental and biomedical contexts.
Future work will focus on extending the technique to
more complex multicomponent systems and evaluating
its performance in real environmental water samples.
Beyond nanoparticle analysis, the proposed differential
refractometer has strong potential for biomedical
applications, including rapid determination of
bacteriophage concentrations. Phages are increasingly
used in  antimicrobial  materials, biosensing,
nanomedicine, and therapeutic applications. The ability
to quantify phages in early-stage experiments within
minutes, without resorting to plaque assays (>18 h) or
qPCR (=4 h), represents a radical improvement in both
speed and cost-effectiveness. Thus, the developed
method provides not only a powerful tool for
nanoplastics research but also a versatile platform for
emerging applications in biotechnology and medicine.
However, it should be noted that at very high
nanoparticle concentrations, multiple scattering and
inter-particle interactions can significantly complicate
the interpretation of refractive index changes. In such
cases, more advanced theoretical models, beyond the
simple effective medium approximation, may be
required.
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Abstract: This study investigated the fundamental
dosimetric properties of commonly available hand-held
radiation detectors that are aimed for public use. As a
reference, measurements were also conducted with a
“professional” GM-based detector. Two of the detectors
were also investigated for their intra detector model
variability by studying seven and five individual units,
respectively. The overall aim was to understand if these
detectors are reliable and if they potentially fit for
citizen science projects.

Keywords: Citizen science, detectors, GM-tube, CsI(T),
radiation protection

1. Introduction

After the Fukushima Daiichi nuclear power plant
accident in 2011 the “Safecast” detector [1] became
popular among the public for measuring and mapping
radiation levels, jointly contributing with data to a
public database [2]. The database currently consists of
more than 150 million readings, and is continuously
growing. This is an example of a citizen (radiation)
science project, where the participants engage in data
collection, data processing, curriculum-based and
community science [3]. In connection with citizen
science projects related to radiation mapping, several
online databases have appeared [2, 4, 5, 6]. Works in
other initiatives have studied various aspects of citizen
sciences related to radiation assessments e.g. using
mobile telephone applications [7, 8], radon [9],
collection of mushrooms [10], and more generally, for
potentially increasing public understanding of science
[3]. In summary, this indicates a great public interest in
measuring radiation, to take part in one’s own radiation
protection and to learn more about radiation science.

During recent years the amount of affordable radiation
detectors, aimed for public use, has increased. These
detectors are mainly based on Geiger Miiller (GM)
tubes or scintillation crystals but also, as mentioned,
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mobile telephone applications [11]. However, the
questions arise: how accurate are these detectors, what
are their limitations, how do they compare to similar
professional radiation protection instruments. In this
project, we have surveyed a limited amount of publicly
available and affordable hand-held radiation protection
instruments and compared them to a professional
version of such detectors. The dosimetric properties
investigated included: dose and dose rate response,
energy and angular response, as well as the intra
detector variability. Measurements were conducted in
laboratory condition at Skane University Hospital in
Malmé and in the city centre of Malmd. Preliminary
results from these benchmarking will be presented
together with observations that should be considered
when using the detectors in an unknown exposure
situation.

2. Material and methods

The selection of detectors was based on a quick survey
on internet forums and shops; what is currently used and
easily available in Sweden. Four different detectors
were finally selected:

Safecast — an old version of the common Safecast
detector (bGeigie Nano kit) was available in the lab,
previously bought on the Safecast homepage. It is based
on a pancake GM tube, show the instant dose rate on a
display and can log data on a memory card and/or send
the data to the Safecast database. It is intended for
mobile mapping e.g. mounted in a car. On the Safecast
homepage [1] there are manuals and detailed
information about the device. Today’s Safecast detector
can be bought assembled ($750) or in parts for self-
assembling the device ($475).

FNIRSi — the detector (model: GC-01) was bough
online at Elgiganten homepage, that has physical and
web-based shops in the Nordic countries. The detector
is also available in several other internet shops. The
device is based on a GM tube and show current, average
and maximum dose rate since start-up, as well as
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accumulated dose. It has a search mode displaying a
graphical time trend of the dose rate and several alarm
modes. It is delivered with a quick guide on how to
operate it and some technical specifications, also
provided on the manufacturer homepage [12]. The
FNIRSIi (GC-01) can be bought for €30-40, our version
was purchased for €70.

UNI-T — the detector (model: UT334A) was bought
online at Clas Ohlson webpage, that has physical and
web-based shops in Sweden, Norway and Finland. The
device is based on a GM tube and shows current and
average dose rate as well as accumulated dose, since
start-up. It has an internal storage for ten scheduled
measurements and alarm functions for dose rate and
dose. It is delivered with a quick guide on how to
operate it and some technical specifications, also
provided on the manufacturer homepage [13]. The
detector was purchased for €90.

Radiacode — the detector (model: 103) was bought on
the Radiacode homepage [14] at a price of €320. [t is a
dosemeter-spectrometer based on a 1 cm® CsI(TI)
scintillation crystal, have support to be operated from a
mobile telephone application (or computer software) for
dose rate mapping (using the mobile telephones GPS) or
spectrometry acquisition. On the Radiacode homepage
[14] there are detailed manuals, specifications and help-
pages with useful examples on its various operations.
These four detectors were exposed to a range of
laboratory conditions to benchmark some key
dosimetric properties (sections 2.1 to 2.6), using various
types of radiation point sources. For each exposure
situation, a reference “professional” detector was used —
Automess (model: 6150AD) with a GM-probe (model:
6150AD-18/E) [15]. To minimise the exposure of the
operator, the detectors were exposed in bulk and the
displayed dose information was recorded by a web-
camera. These recordings were analysed by an in-house
made tool that converted the readings to an excel data
file.

Apart from the inter variability in the detector response
between the four detectors, the intra detector response
of the FNIRSI and the UNI-T was also investigated. For
that purpose, seven FNIRSi detectors and five UNI-T
detectors were exposed under the same conditions and
the intra detector response was compared for the various
dosimetric properties investigated.

All detectors were imaged with an X-ray C-arm to
compare the configuration and positioning of the
respective detector volumes.

2.1. Dose rate

The ambient dose equivalent rate response of the
detectors was tested for a '*’Cs point source (760 MBq)
at three different source-detector distances (0.5 m, 1.0
m, 2.0 m). For each distance the radiation source was
shielded in a lead jar in a lead cave. At each distance,
the lead was removed, during ~4 minutes, after which
the source was shielded again. The time from
background to the measured dose rate, as well as the
time from measured dose rate back to background levels
were recorded as 7. and 7y respectively. Here 7, and 7 are
defined as the operator-observed response times. The
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variation in the registered dose rate during the exposure
was noted.

2.2. Dose

The accumulated ambient dose equivalent was studied
for the FNIRSi and UNI-T detectors at three dose
levels: 11 uSv, 42 puSv and 56 puSv, as calculated with
Rad Pro Calculator [16] for '3’Cs sources at different
distances and exposure times of 11 min (£15 s).

2.3. Angular dependence

The angular sensitivity of the detectors was studied for
both the azimuthal (0° correspond to the radiation field
incident perpendicular to the detector casing backside)
and polar (0° correspond to the radiation field incident
perpendicular to the top-front side of the detector
casing) rotations. This was done by positioning the
detector in the centre of a circular angle disc made from
plywood while registering the dose rate for a '*’Cs point
source (250 MBq) with 10° or 30° increments. For each
position of the source an average dose rate of five
measurements was calculated.

2.4. Energy dependence

The detectors energy dependence was studied in the
limited energy range from 140 keV to 1.25 MeV, using
point radiation sources of *™Tc, '**Ba, 1*’Cs and *°Co.

2.5. Background variation

The variation of the detector responses was studied in a
well-shielded iron room, normally used for whole body
counting. The detectors were positioned in the centre of
the room with the iron door closed. The dose rate of
each detector was noted continuously during 30 min and
the variation in relation to the average dose rate was
determined.

2.6. Activity determination

Using the conversion coefficients for point sources in
Radionuclide and Radiation Protection Data Handbook
2002, [17] the activity of a '3’Cs source was estimated,
using the same setup as in Section 2.1. (i.e., for three
different dose rates (distances)).

3. Results

All results presented are as measured, i.e. with no
background correction applied.

3.1. Dose rate

The average dose rates and corresponding average
variation (C,), response (7)) and recovery (z;) times are
provided in Table 1, for the various detectors and for
three different dose rates.

For all dose rates, the investigated detectors
underestimate the dose rate measured with the reference
Automess detector. The wunder estimation is
proportionally larger for higher dose rates. It is observed
that the UNI-T has the fastest response, but the larges
variation in the measured value. The variation in dose
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rate between the tested detector types is rather low, but
the UNI-T varies the most both between the same type
of detectors as well as within individual units. However,
the UNI-T has a slightly better response and recovery
times than the FNIRSi detectors. For the Safecast
detector, which reports 60-second averaged dose rates
(with displayed values updated every 5 seconds), tr and
tf were excluded from the comparison.

Table 1. Average dose rates of the FNIRSi (#7), UNI-T (#5),
and Safecast detectors as compared to the Automess detector
for three different dose rates using a Cs-137 source. Provided
are also the coefficient of variation (Cy), signal rise (z;) and
fall (z7) times (as averaged for the seven and five detectors of
each model).

Avg. dose
rate Cv Tr T
[nSv/h] [%o] [s] [s]
Automess 234
FNIRSI 128 1 32 33
UNI-T 154 3 21 20
Safecast 169 1 - -
Automess 60
FNIRSI 40 36 15
UNI-T 49 31 15
Safecast 48 1 - -
Automess 17
FNIRSI 13 3 32 39
UNI-T 14 10 19 17
Safecast 13 1 - -
3.2. Dose

The accumulated doses after about 10 min of exposure
are shown in Table 2.

Table 2. Average accumulated doses with the FNIRSi (#7)
and UNI-T (#5) detectors and the range of registered doses in
parenthesis for three different Cs-137 exposures.

Calculated abs. dose FNIRSI UNI-T
[nSv] [nSv] [nSv]
11 7 (5-8) 5(4-5)

42 19 (15-21) | 14 (12-16)

56 25 (20-28) | 18 (16-21)

Both detectors underestimate the actual dose for the
three exposures. More important is that all five of the
UNI-T detectors drastically and incorrectly changes the
registered value of the accumulated dose when the
exposure stops. This is observed on the detector display,
that correctly accumulate the dose during the exposure
but when the exposure stops, the accumulated dose
drops abruptly by precisely 42% within 10 s. The reason
for this severe error is unclear, but it is important to be
aware of and need further investigations, especially by
monitor the accumulated dose for longer time after the
exposure stops.
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3.3. Angular dependence

The angular dependence for the investigated detectors is
illustrated in Fig. 1.

As can be observed in Fig. 1, the detectors perform well
with rather small deviations, expect when oriented with
the electronics and battery between the radiation source
and the detector volume. The Safecast detector, with its
pancake GM tube (and configuration of the electronics),
varies in its response for the azimuthal rotation which
should be considered when positioning it.

Polar rotation

180°
—B—FNIRSI —o—UNI-T
—4— Radiacode CPS —&—Radiacode DR

Safecast

Azimuthal rotation

—m—FNIRSI

—o—UNI-T
——Radiacode CPS —&—Radiacode DR

Safecast

Fig. 1. Relative angular response, polar () and azimuthal
rotations (o), for the different detectors. The registered
measurements are normalised to the maximum value for the
respective detectors.

3.4. Energy dependence

The energy dependence follows what is expected from
an uncompensated GM tube in the investigated energy
range, rather flat between ~0.3 — 1.2 MeV (within a
factor 0.5). However, the UNI-T has a relative response
of 2 for the lowest energy and almost linearly drop
down to 0.5 for the highest energy. The Radiacode
(scintillation detector) has a flat energy response in the
energy interval investigated.
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3.5. Background variation

The seven FNIRSi detectors showed an average dose
rate in the range from 0.040 to 0.068 pSv/h with an
individual detector variability, in terms of standard
deviation of the mean for the measuring period, of about
44% (range: 38%—45%). The same numbers for the five
UNI-T detectors were 0.083 to 0.097 puSv/h with an
individual variability of about 12% (range: 7%—18%).
The Safecast detector register the dose rate based on
CPM and 5 s measurements, that showed 0.059+18%
uSv/h and 0.057+78% uSv/h, respectively. The
Radiacode detector showed approx. 60 counts for a 600
s measurement.

3.6. Activity determination

Based on the dose rate measurements with the FNIRSI,
UNI-T, and Safecast detectors, the estimated activity of
a 760 MBq !*’Cs was determined (Table 3).

Table 3. Calculated activity, 4, for a Cs-137 source with an
activity of 760 MBq at three different source-to-detector
distances. Provided in the parenthesis are the ranges of the
estimated activities for the seven FNIRSi and five UNI-T
detectors.

Distance FNIRSI, A UNI-T, 4 Safecast, A4
[m] [MBq| [MBq] [MBq]
0.5 332 (291-365) | 399 (373-457) 438
1.0 415 (366-451) | 504 (463-607) 497
2.0 546 (465-616) | 590 (544-700) 550

Although these activity determinations are associated
with several uncertainties, they provide useful insight
into how thedetector responses reflect on the activity
determinations. The distance to the source is an
important factor due to the inverse square law and the
configuration of the GM tube inside the detector (in
relation to the radiation field). It is therefore
recommended to conduct the measurement at more than
one appropriate distance from the source, with only air
between the source and detector, taking potential under-
response into account, as well as possible background
corrections if necessary.

4. General considerations

For constancy control of these detectors, without access
to radiation sources, it is possible to find locations with
elevated natural background. Monuments  or
constructions with large blocks of granite is one such
example. A quick survey in the city of Malmé revealed
one such monument, with a dose rate of ~0.5 uSv/h, that
could serve as a point for constancy control. For

119

personal use, it is important to get acquainted with the
detector, be aware of potential shortcomings, perform
repeated measurements at the same positions/locations,
understand background variations and corrections when
needed, make constancy checks, and to view several
sources for information when in doubt.

5. Conclusions

The tested detectors perform rather well in the
investigated situations and for their price. However, it is
important to be aware of some of their shortcomings.
Further studies are needed to identify and better
described these shortcomings.
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