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Optically Stimulated Luminescence Nanodots experimental
determination of bowtie filter shape in computed tomography
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ABSTRACT

Background: Computed tomography (CT) scans have become an essential diagnostic
tool, but they carry significant risks due to the exposure of patients to ionizing
radiation. Therefore, healthcare professionals have a responsibility to optimize
radiation dose and image quality simultaneously. One factor that significantly affects
the quality of images and radiation dose is the bowtie filter used in CT systems, which
homogenizes and shapes the X-ray spectrum. However, its characteristic shape,
specific to each manufacturer makes it impossible to model it from only the
information in the technical note alone. Materials and Methods: This study presents a
novel methodology using optically stimulated luminescence (OSLD) nanodots to
determine the body bowtie filter shape in a Siemens SOMATOM EMOTION 16-slice CT.
The accuracy of the body bowtie filter shape generated by OSLD was validated by
performing Monte Carlo simulations of CT scans. Results: The difference between
simulated and measured CTDIw values for the PET/CT Siemens at 80, 110 and 130 kVp
were 4.02%, 7.74%, and 4.81%, respectively. Conclusion: In this work, it has been
demonstrated that the use of OSLD nanodots allows for the determination of the
shape of bowtie filters in CT scans with acceptable accuracy. This work has the
potential to address a significant gap in the modeling of bowtie filters, which could
significantly improve the optimization of radiation dose and image quality in CT scans.

INTRODUCTION

Computed tomography (CT) is a widely used
medical imaging modality that provides valuable
diagnostic information (). However, CT imaging
involves much higher radiation doses than
conventional radiography (?. The increasing use of CT
scans has raised concerns regarding population
exposure to ionizing radiation and long-term health
risks such as radiation-induced carcinogenesis (3). To
deepen the medical community's comprehension of
the potential hazards linked to CT examinations,
experts have endeavored to quantify the radiation
exposure levels experienced by individual patients.
This necessitates the gathering of comprehensive
data on the system's energy spectra, which is
essential in obtaining precise radiation dose
estimations using Monte Carlo simulation (MC)
methods ™. In turn, comprehending the energy
spectra entails a commanding grasp of the deployed
filters that uniformly improve the hardness of the
X-ray beam. Regrettably, information detailing the
design, shape, and composition of these filters is
categorically deemed privatized. The bowtie filter is
an essential component of CT scanners that helps

reduce patient dose while maintaining image quality
(5). The use of that filter can reduce radiation dose by
up to 65% compared to scans without the filter (6.
Despite their effectiveness, there are concerns
about potential variations in bowtie filter shapes and
materials across scanner models that can impact dose
calculations and image quality. Many studies have
aimed to determine simplified bowtie filter shapes
and profiles for dosimetry purposes. Boone et al
proposed a method to evaluate bowtie filter
attenuation profiles using real-time dosimeter
measurements (7). Turner et al. generated equivalent
energy spectra and filtration descriptions based on
half-value layer measurements that account for
bowtie filter filtration (8. Belinato et al. used the
AGMS-D sensor to estimate bowtie filter shapes for
Siemens Biograph 16 and GE Discovery VCT PET/CT
scanners (General Electric Medical Systems), showing
~4% differences between measured and simulated
CT dose index values (. The Time-Resolved
Integrated Charge method was used to characterize
bowtie filters in CT scanners at the Physicalisch-
Technische Bundesanstalt (19). Bruce et al. presented
a method using radiochromic films to measure
bowtie filter profiles with a maximum 25% relative
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error (11,

In this study, the focus is on developing a new and
cost-effective approach to determine the equivalent
body bowtie filter in a Siemens SOMATOM EMOTION
16-slice CT scanner using optically stimulated
luminescence detectors (OSLD). The accuracy of the
resulting bowtie filter thickness is then assessed by
comparing the results of the Computed Tomography
Dose Index weighted (CTDIw) received from MC
simulations and the one recovered by experimental
measurements. A body CTDI phantom was used for
the experiment and an MC code has been performed
for the simulation of the CT scan. The proposed
method offers a solution to the challenge of bowtie
filter shaping, which can help reduce radiation
exposure and improve patient safety.

METHODS AND MATERIALS

CT scanner model

The present study utilized a Siemens SOMATOM
EMOTION 16-slice CT scanner equipped with two
bowtie filters positioned between the X-ray tube and
collimation system. The scanner operates in both
axial and helical modes at tube voltages of 80 kVp,
110 kVp and 130 kVp. The X-ray tube was located at a
distance of 535 mm from the isocenter of the gantry,
and possessed an anode angle of 7 degrees. Notably,
tube current ranged from 10 mAs to 600 mAs.

Bowtie filter calculation

The OSLD nanodot and the associated MicroStar
reader have been used in this study (nanodots,
Landauer Inc., Glenwood, IL). The sensitive volume of
the nanoDot OSLD is a fine pellet of compacted
carbon-doped alumina powder (Al203: C) of 4 mm
diameter and 1 mm thickness. Each nanoDot has a
specific  sensitivity = that depends on the
manufacturing method of the original batch (12.13),

In this study, 34 nanoDot dosimeters were utilized
- 30 for data acquisition and 4 for calibration
purposes. The OSLD chips were positioned in a single
3x60 cm? polymethyl methacrylate (PMMA) slice
with a thickness of 3 mm. The device contained 30
square cavities, each 10mm in diameter and 1mm
deep, spaced 1 cm apart figure 1. The tolerance for all
dimensions in the custom-fabricated device was + 0.1

mm.
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Figure 1. Placement of 30 numbered optically stimulated
luminescence dosimeter chips in a PMMA ruler.

The CT gantry was fixed at the 12 o’clock position,
with the ruler was placed at a distance of 20 cm from
the gantry isocenter. Chip number 15 was centered
within the axial field of view (FOV). The OSLD chips

were aligned using the gantry laser, and the CT
scanner was set to a routine abdomen protocol to
pogram. The scan parameters were 110 kVp tube
voltage, 100 mAs tube current, and 1 s exposure time.
The attenuation by the bowtie filter is taken into
account by assigning an air kerma (Kmeas £) to every
photon leaving the x-ray source through the bowtie
filter and subsequently reaching the OSLD, given by:

KHBES,E {E} = K‘:U.ﬁ'} * gxXp ~Haley¥ngan (1)

Where Ko, is the start air kerma of the photon,
paie) represents the linear attenuation coefficient of
aluminum, and Yncan is the thickness of bowtie filter
(n=1, 2, 3 ... 31 OSLD numbers). It's important to note
that equation 1 assumed that the bowtie filter
consisted of aluminum. For solving equation 1 and
finding Yncan, paie) value was determined by using the
following equation 2.

paie) = 0.693 /HVL (2)

Half-Value Layer (HVL) refers to the thickness of a
material required to reduce radiation intensity by
half. The HVL value was determined experimentally
using an ionization chamber at 110 kVp.

The absorbed radiation doses (Kmeas, £) measured
by each of the 30 optically stimulated luminescent
detectors positioned along the path of the X-ray
photons have been used to calculate the thickness of
the bowtie filter material (Y(n)) in the direction of
X-ray photon travel. The data obtained are then
adjusted leading to a modeling of the bowtie filter by
a polynomial function of the second degree (14,

Physical measurement of the CTDIw phantom

CTDIw has been measured by using a body PMMA
phantom (32 cm diameter,15 cm of length, a density
of p=1.19 g/cm3 and five holes located at the center,
3h, 6h, 9h, 12h) (13). A Calibrated pencil ion chamber
(model 10x6-3CT RADCAL, USA) connected to an
electrometer (RADCAL, USA) have been used;
interface software (Accu-Gold+) has been used to
show the output of dose, dose rate, time, kVp, Flash
HVL, and beam filtration (16),

The body phantom has been aligned whit the
z-axis of the CT scan. The position of the phantom has
been verified whit a CT localizer radiograph. The ion
pencil chamber has been placed at the center and the
other holes of the PMMA phantom figure 2. a. The
absorbed dose has been recorded.

1 2
CTDy = 5 CTDIfo, + 3 CTDIoq (3)
Where CTDlioo represents an integrated

measurement of radiation output over a 100 mm
dose chamber. CTDI1iooc denotes the CTDlioo value
measured at the center of the phantom, whereas
CTDl100p represents the mean value of four peripheral
CTDI100 measurements.
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Monte Carlo simulation

The experimental results were compared against
simulations performed with the Monte Carlo toolkit
GATE version 8.1.0 leveraging GEANT4 version 10.3.
The physics processes were modeled using
the EMLivermore physics list which is optimized for
accurate electron and photon transport at low
energies. Absorbed dose was determined through the
energy deposited, employing the Dose Actor
approach (17,

Monte Carlo calculations were performed to
simulate a single gantry rotation with a 10 mm beam
collimation along the z-axis. The source-to-isocenter
distance was fixed at 535 mm. The source energy
spectrum was modeled using a 110 kVp spectrum
with a 7° anode angle, which was input into the GATE
software using the General Particle Source Module
(GPSM). The source was defined as an isotropic point
source of y-particles with an angular distribution of
88.72° < ¢ < 91.28° and 62.1° < 8 < 117.9° in
spherical coordinate angles ¢ and 6 figure 2. b.

The energy spectra for all modeled tube voltages
were generated wusing the SRS-78 program.
Simulating the 0.5 keV X-ray photon energy
increments in GATE was quite time-consuming.
However, for increased accuracy at the cost of longer
computation time, expanding the kVp range to 5 keV
increments is recommended (1819),

In this study, we utilized a method where 30 OSLD
chips were placed in a single slice of PMMA within
the FOV. The material attenuation coefficient (n (E))
was then determined by measuring the HVL value
using an ion chamber. Based on the OSLD dosimetry

results, we were able to identify the thickness and
shape of the body bowtie filter. We then compared
the CTDIw values obtained from both measuring and
simulating with this bowtie filter.

RESULTS

Table 1 presents the radiation dose measured in
each OSLD. The thickness Y(n) (n=1, 2, 3 ... 30 OSLD
numbers) of the bowtie filter was calculated by using
equations 1 and 2 and has been shown in the 3 th row
of table 1.

Equation 4 was used to fit the data, describing the
shape of the body bowtie filter. Figure 3 illustrates
the shape of the bowtie filter where X and Y
represent the horizontal distance in cm and the
thickness of the bowtie filter in mm of aluminum,
respectively.

Y=0.0149X2 - 0.4627X - 4.4346 (4)

Figure 4 presents a normalized attenuation profile
of the bowtie filter generated by MC simulation. This
profile was compared to the corresponding measured
profile obtained at 110 kVp. The results showed a
strong correlation between the simulated and meas-
ured profiles of air kerma at all measurement points.
The Root Mean Square Error (RMSE) was calculated
to be 0.955%, indicating good agreement between
the simulated and measured profiles.

Table 2 show the results of the simulated and
measured CTDIw values and relative difference in 80,
110 and 130 kVp.

Table 1. Normalized air kerma measured using the OSLD and the calculated thickness of the bowtie filter.

OSLD Numbers 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Air KERMA (mGy)|0.254|0.298 | 0.211 | 0.332 | 0.367 | 0.402 | 0.497 | 0.563 | 0.638 |0.704 | 0.761 | 0.822 | 0.894 | 0.957 | 1.0008
Y(n)(cm) 3.4643.116|3.867 | 2.882 | 2.664 | 2.466 | 2.00 [1.733|1.462 |1.248|1.078 | 0.911 | 0.728 | 0.580 | 0.048

OSLD Numbers 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Air KERMA (mGy)| 1.001|0.989 [ 0.949 | 0.866 | 0.748 | 0.682 | 0.611 | 0.539 | 0.479 [0.436| 0.398 | 0.353 | 0.318 [ 0.272 | 0.231
Y(n)(cm) 0.483)0.5090.612 | 0.797 | 1.116 | 1.317 | 1.556 | 1.828 | 2.085 | 2.289 | 2.487 | 2.748 | 2.975 | 3.315]| 3.670

OSLD: optically stimulated luminescence detectors
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Figure 3. The results of body bowtie filter thicknesses.

30 35

Figure 2. The experimental set-up used to measure CTDIw
using a PMMA phantom (a). Schema of GATE simulation for
body phantom (b).
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Figure 4. Comparison of normalized profiles between
simulated and measured air kerma for 110 kVp.

Table 2. Comparison between simulated and measured CTDIw
for body phantom at 100 mAs for different kVp.
Measured CTDIw | Simulated CTDIw

o/ MifEs
KVp (mGy) (mGy) % Différences
80 3.23+0.24 3.10£0.023 4.02
110 8.26£0.5 7.62+0.012 7.74
130 11.85+0.72 12.42 £ 0.025 4.81

KVp: kilovolt peak
CTDIw: Computed Tomography Dose Index weighted

DISCUSSION

The accurate measurement of radiation dose in
CT is crucial to ensure patient safety. The current
study developed an innovative method to estimate
the bowtie filter shape of a CT scanner using OSLD
nanodots as dosimeters. The study systematically
evaluated the comprehensiveness of this technique
by comparing the measured air kerma from a CT
localizer radiograph with the simulated air kerma
under identical conditions. A comparable level of
agreement was noted between the measured and
simulated air kerma profiles. The calculated bowtie
filter thickness showed remarkable agreement
between simulated and measured CTDIw, with
minimal deviations of 4.02%, 7.74%, and 4.81% for
tube voltages of 80 kVp, 110 kVp, and 130 kVp,
respectively. These variations were primarily
attributed to challenges in measurements or errors
from external factors such as fluctuations in
temperature, pressure or uncertainties in the X-ray
spectrum (inherent filtration) used in the simulation.

On the other hand, the shape of the bowtie filters
obtained in this study and the study by Hassane et al.
(20) were systematically compared. Both studies
employed physical measurements and calculations to
estimate the bowtie filter thickness and compare the
measured and simulated air kerma values. However,
OSL nanodots were used to estimate the bowtie filter
thickness in this study, while an innovative
integration method was used in the study by Hassane
et al Regarding the results, both studies
demonstrated remarkable agreement between the
measured and simulated air kerma values, with
minimal deviations ranging from 1.4% to 7.74% for

various tube potentials. Nonetheless, the maximum
deviations in this study were slightly higher than
those in the study by Hassane et al. (20)

These results show the high sensitivity, accuracy,
and practicality of OSLD for dose measurement. OSLD
showed comparable levels of sensitivity to other
detectors, while offering key advantages in terms of
ease of reuse, accessibility, and cost-effectiveness.
The study has also enabled the shape of the bowtie
filter for a specific model of PET/CT system to be
determined with a high degree of accuracy. This filter
shape can be introduced into MC simulations to
model the system with minimal error, enabling
researchers to accurately determine the true CTDI
value through simulations. Given the difficulty of
experimental dose measurements for internal organs,
the ability to perform accurate MC simulations
through the use of this bowtie filter shape will be
invaluable for future research in the field of internal
organ dosimetry.
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