' © 2025 Greater Poland Cancer Centre. Reports of Practical Oncology and Radiotherapy
—==  Published by Via Medica. 2025, Volume 30, Number 1, pages: 79-87

All rights reserved. DOI: 10.5603/rpor.104733
e-ISSN 2083-4640 Submitted: 22.07.2024
ISSN 15071367 RESEARCH PAPER Accepted: 30.01.2025

Investigation of the beam width and profile of kilovoltage
CBCT using different measurement techniques and analysis
of the dosimetric effects of beam parameters

Szilvia Gazdag-Hegyesi"’, Adém Galdi"’, Eniké Koszta', Gdbor Stelczer"*, Domonkos Szegedi"”,
Tibor Major"**, Csilla Pesznyék"*

'Center of Radiotherapy, National Institute of Oncology, Budapest, Hungary
*Doctoral School of Physical Sciences, Budapest University of Technology and Economics, Budapest, Hungary
*Doctoral School, Semmelweis University, Budapest, Hungary
‘Institute of Nuclear Techniques, Budapest University of Technology and Economics, Budapest, Hungary
*Department of Oncology, Semmelweis University, Budapest, Hungary
*Department of Molecular Immunology and Toxicology and the National Tumor Biology Laboratory, National Institute of Oncology,
Budapest, Hungary

ABSTRACT

Background: The aim of this study is to investigate the beam width and beam profile of kilovoltage cone beam computed
tomography (kV CBCT) using different measurement techniques on an O-ring linear accelerator. The effect of the imaging
beam on the dosimetric parameters was analysed.

Materials and methods: The uncertainty of field size adjustment, the dependence of beam width on field size, and the effect
of deflection from the isocenter on the beam profile were investigated by ionization chamber detector matrices. The 2D beam
profile of the CBCT was analysed by relative ionization chamber measurements.

Results: The average setup uncertainties of the field sizes were 0.3 mm + 0.02 mm. The dependence of beam width on field
size investigation revealed that the largest discrepancies occurred for small field sizes, which are important in determining
computed tomography dose index (CTDI) values of the kV CBCT. The beam width deviation between measured and ven-
dor-based data was larger than 1 mm below 40 mm field of view. The pelvis protocol demonstrated the smallest CTDI value
difference of 2.3%, yet presented the largest effective dose deviation of 0.12 mSv.

Conclusions: The measured CTDI coefficients were higher than predicted by the manufacturer for all cases. The currently
internationally recommended CTDI measurement protocols for CBCT contain no reference to the determination of the beam
width as a basic element of the calculations. Based on our measurement results, the beam width parameters affect CTDI:
therefore, it would be advisable to apply this type of correction.
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Introduction

The additional dose of cone-beam CT (CBCT)
is lower compared to conventional diagnostic or
planning CT scanning acquisition doses and ther-
apeutic doses, therefore it has been considered
negligible [1]. The development and widespread
use of imaging has contributed to the reduction of
CTV-PTV margins, thus reducing the dose of or-
gans at risk [2-4].

The radiation doses of CBCT are not negligible
in the case of image-guided radiotherapy (IGRT)
and kilovoltage imaging based online adaptive
therapy. On Halcyon or Ethos linear accelerator
(Varian, Palo Alto, CA, USA) a kilovoltage (kV)
cone beam imaging device is mounted perpendic-
ular to the megavoltage (MV) source [5, 6]. Due
to the ring geometry of the linear accelerator, it is
not possible to build an independent laser system
for patient positioning. Therefore, daily kV CBCT
monitoring is mandatory for all treatment fractions
in the Ethos system [7].

The additional dose caused by image-guided ra-
diation therapy (IGRT) is particularly important in
all types of IMRT techniques, in terms of late side
effects or the development of secondary tumours
associated with cumulative dose exposure [8, 9].

With the availability of online adaptive therapy,
the number of fractional imaging sessions has in-
creased. If online adaptive therapy is used, up to
three CBCT images per fraction are required. One
image is acquired for planning, one after planning
before irradiation and one post-irradiation for
the first five fractions, for the following treatments
at least two CBCTs are necessary [10, 11].

The dose of imaging depends on the specification
of the device, the size of the patient and the exam-
ined area besides the imaging protocol used [12].
During the acquisition, the aim is to achieve
the best possible image quality with the lowest
possible dose exposure, which is consistent with
the optimization principle of radiation protection
[13, 14]. Nevertheless, it is important to define ex-
act doses in order to ascertain the overall dosage
from imaging and to evaluate the associated cancer
risk in image-guided radiotherapy [15].

One of the most important factors in the de-
termination of computed tomography dose index
(CTDI) is the beam width. It is not evident which
parameter represents the beam width for a Varian

system. During the imaging, the field of view
(FOV) and the diameter of the reconstructed image
(Range) parameters are combined and both can be
modified. In relation to imaging protocols, the FOV
parameter can take values between 10 and 280 mm,
with the corresponding Range always being smaller,
between 9 and 245 mm (Fig. 1). It is unclear which
beam width parameter is used by the manufacturer
in the determination of the CTDI and dose length
product (DLP) parameters. A review of the inter-
national literature revealed no sources describing
the manufacturer’s measurement procedure during
the commissioning of linear accelerators.

The effect of the half-bowtie filter on the shape
of the beam was also investigated. The filter, placed
downstream of the kilovoltage source, selective-
ly attenuates the photons emitted from the X-ray
source as a function of the radiation angle [16]. By
compensating for the range of dynamic signals that
reach the detector through different thicknesses of
the patient’s body, the bowtie helps to improve im-
age quality by allowing a more detailed quantiza-
tion of information [17].

The aim of this study is to investigate the im-
aging beam of kV CBCT using different measure-
ment techniques and analysing the effects of beam
properties on dosimetric parameters for different
imaging protocols available for the Ethos linear
accelerator.

Materials and methods

Beam width

In our study we investigated the two Ranges for
each FOV value given by the Ethos software de-
scribed in the introduction. Moreover, the uncer-
tainty of the field width adjustment was determined.
We also examined the dependence of beam width
on field size and imaging protocol. Ionisation de-
tection matrices were used to perform the measure-
ments, which were placed in parallel on the table
of the linear accelerator during the CBCT rotation.
Since the length of the projection summation image
is exactly the same as the length of the beam width,
the measurements could be made with the ioni-
sation chamber detector matrix without tracking
the CBCT rotation. The IBA Matrixx Resolution
(IBA Dosimetry GmbH, Gewerbegebiet Frauenholz,
Schwarzenbruck, Germany) ionisation chamber de-
tector matrix was used with a spatial resolution of
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6.5 mm and an active surface area of 2530 x 2530
mm’. The measurements were evaluated in the IBA
myQA software. Another independent dosimetric
system was used to validate our results. For this pur-
pose, the PTW Octavius 1000 SRS (PTW-Freiburg,
Freiburg im Breisgau, Germany) ionisation cham-
ber detector array was applied with a resolution
of 2.5 mm. The maximum active area of the PTW
Octavius 1000 SRS dosimeter was 1100 x 1100 mm’,
and to avoid detector edge uncertainties, measure-
ments were performed at a maximum field size of
80 mm. To evaluate these measurements, the PTW
Mephysto dosimetry software was used. Small beam
widths were measured using PTW, while beam
widths exceeding 80 mm FOV were measured using
just the IBA ionization chamber detector matrix.

In order to increase the resolution of the mea-
surements, film dosimetry method was applied, but
the sensitivity of the radiochromic film was not fea-
sible for the energy range of the kV CBCT. Neither
film dosimetry devices designed for linear accelera-
tors, which are capable of absorbing a much higher
dose and higher energy, nor conventional scanning
devices, which are capable of achieving lower ac-
quisition doses, can be used. Several measurement
set-ups were applied using Fuji Medical X-ray Film
Super RX-N conventional X-ray and Gafchromic
EBT3 radiochromic films. The measurements with
films of radiology were performed in a number
of different scenarios, including with and without
an X-ray cassette, with and without an intensifying
filter, with the film enclosed in a black envelope, in
a solid water phantom, and in free air. Imaging pro-
tocols with alow CTDI value were used for the mea-
surements with X-ray films. The Gafchromic films
were used with a high additional dose and CTDI
value imaging protocols, in a solid water phantom,
with repeated acquisitions conducted without film
movement or change.

Beam profile analysis

We investigated the effect of the half-bowtie fil-
ter on the shape of the beam. The effect of varying
the energy on the beam profile width was investi-
gated by using different imaging protocols (Head
low dose, Breast, Head, Thorax, Pelvis — Tab. 1).
A PTW 23332 rigid stem ionization chamber was
used to perform relative measurements with a sen-
sitive volume of 0.3 cm’. The chamber was placed
in a solid-water phantom insert at a depth of 20

mm above an 80 mm backscattering layer. Planar
imaging was performed with the kilovoltage source
at maximum field size (2300 x 2300 mm®). Beam
profile points were detected in four main perpen-
dicular directions of the field in a plane parallel to
the accelerator ring using 5-10 mm steps, starting
the chamber from the isocenter.

The change of beam width was examined in
the lateral position as the periphery position of
the CTDI phantom. This is the result of the later-
al movement centre of the detector array out from
the imaging and the LINAC isocenter. Thorax im-
aging protocol was used with multiple beam widths
(20-120 mm). The detector matrix was moved 70
mm and 150 mm from the isocenter in four direc-
tions in a plane and parallel to the accelerator ring.

CTDI

Based on the following equation, to determine
the acquisition dose of a CT, the CT dose index i.e.
CTDI dosimetric parameter can be used:

50

1
CTDI]_OO = ﬁf D(Z)dZ

-50

In the definition, D(z) is a z-axis dose profile
perpendicular to the tomographic plane, it is a line
integrated dose value along the sensitive volume
of the detector. The denominator (N-T) is equal
to the number of detector pixels activated during
imaging (N) and their nominal width (T) due to
the International Standard [18].

A correction has to be applied for large beam
widths (more than 40 mm) for the CBCTs, which is
calculated using the following relation:

CTDlpynr

CTDIioo,vry>40 = CTDly 100,ref ° CTDIpgyef
FAre

where and are determined by using small beam
widths (less than 40 mm), which was the reference
beam width (ref). The values were measured in
free air by using a wide (N-T) and a reference beam
width as defined by the IAEA (19,20). Thus, two
beam widths are used simultaneously in the deter-
mination of CTDI values of the CBCT protocols.

The CTDI measurements were performed with
a Radcal 10X6-3CT pencil ionization chamber
(Radcal, Monrovia, CA, USA) with a sensitive vol-
ume of 100 mm. The chamber determines the in-
tegrated dose value of a given dose profile along
a line; therefore, the displayed value of the Radcal
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Accu-Gold Touch detector has mGy-cm dimen-
sion, projected to 10 mm. Data were collected in
air and in the PureImaging CTDI phantom (Pure
Imaging Phantoms, Spring Court, Farnham Royal,
UK). The phantom material is poly(methyl meth-
acrylate) (PMMA), which consists of two parts. Its
core is a block of 160 mm in diameter and 145 mm
in length, which represents the head of an adult
human (Fig. 2B). This is surrounded by the other
part of the phantom in a ring, which has a total di-
ameter of 320 mm and represents the human body
(Fig. 2A). The central part of the phantom has five
and the outer annular part has four more holes
equally spaced, where the ionisation chamber can
be inserted during measurements.

Dose-length product and effective dose
values

The additional dose to patients during acqui-

sition can be characterised by the effective dose.

The effective dose can be used to estimate stochas-

tic side effects [21]. The effective dose was deter-

mined from the measurements using the following
relationship:

E = CTDIlOO,(N'T)>40 “N-T- k = DLP - k

where Eis the effective dose, DLP is the dose-length
product and k is a weighting factor which depends

only upon body regions, is the large beam width cor-
rected CTDI value, N is the number of detector pix-
els activated during imaging and T is their nominal
width [22]. In our study, k-factors were taken from
the NRPB-W67 reference, because these values were
defined with the CT phantom that we also used [23].

Results

Since the vendor-based FOV parameters were
the most closely related to the measured beam
widths, our measurement results were compared
to these values displayed on the linear accelerator
console.

Uncertainty of field size adjustment

Discrepancies were found in the field size adjust-
ment related to the opening direction of the colli-
mators. For a given field size setting, different beam
width values were measured depending on wheth-
er the FOV was reduced or increased because two
different Range values connected to one FOV, with
a difference of 1 mm. The maximum deviation was
0.55 + 0.02 mm for a FOV of 80 mm. The differ-
ent profiles with 70 mm and 71 mm Range param-
eters for 80 mm FOV are illustrated in Figure 3.
FOV’s were investigated from 10 to 200 mm range,
and the average of the setup uncertainties was
0.3 + 0.02 mm (Tab. 2).

Particle number
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Figure 3. Comparison of beam profiles at 80 mm field of view (FOV) for 70 mm and 71 mm reconstructed image (Range)
parameters
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Energy dependence of the beam profiles

The influence of energy on beam profiles was
investigated by measuring the width of the beam
for each imaging protocols using a fixed field size.
The maximum standard deviation of the beam
widths detected for the 20 mm field size for the dif-
ferent imaging protocols was 0.45 + 0.03 mm. For
smaller FOVs (smaller than 20 mm), the standard
deviations of the measured beam widths were be-
tween 0.13-0.25 mm (Tab. 3).

Dependence of beam width on field size

The dependence of the beam width on the field
size was investigated by using two different ionization
chamber detector matrices (Tab. 4). We used the same
Thorax imaging protocol for all our measurements.

With the different ionisation chamber detector
matrices, the same results were obtained consider-
ing the measurement accuracy of the instruments.
The largest discrepancies occurred for small field
sizes, which play a significant role in determin-
ing the CTDI values of kV CBCT. The results also
show that the measured beam width is larger than
the expected parameter for FOV of up to 110 mm.
However, this is reversed for FOVs of 120 mm
and larger field sizes; smaller beam widths were de-
tected than expected based on the field size. Using
the Wilcoxon Signed-Rank test, there is a signifi-
cant difference between the manufacturer’s FOV
parameters and the measured beam widths, with
a p-value of 0.00164.

Beam profile analysis
The variation of measured beam width was com-
parable to the measurement error, so the width

of the integral of the swept areas was nearly con-
stant as the source rotates around the circular or-
bit. However, for different field sizes, smaller beam
widths were measured for the right-hand offsets
than for the left-hand ones, standing opposite
the linear accelerator. For upward and downward
shifts, symmetric differences were observed from
the isocenter.

Therefore, the beam profile was investigated
in large open-field planar mappings by scanning
the beam in two dimensions using relative mea-
surements with a rigid ionization chamber. The re-
sults are shown in Figure 4.

The measurements show that the gradient of
the left side of the beam is steeper than the right
side (Fig. 4A). This phenomenon is the result of
the half-bowtie filter, whose beamforming ef-
fect was detected for the kV CBCT mounted on
the Ethos linear accelerator. In the case of up-
ward and downward deflections, i.e. the vertical
beam profile, symmetrical results were obtained
(Fig. 4B).

CTDI

Based on the beam width parameters corrected
by our measurements, the CTDI values were re-
calculated and compared with our previous publi-
cation results and the vendor-based data [24]. To
measure and calculate the CTDI values, we used
the method explained in this publication, correct-
ed for large beam width. The wide beam width of
the CBCT was 200 mm but to determine the CTDI
a reference beam width of 10 mm FOV was used,
which is consistent with the recommendations for
the CTDI determination of CBCTs [20, 25].

Table 4. Dependence of beam width on field size for a given imaging protocol

FOV [mm] Measured_IBA [mm] Measured_PTW [mm] Deviation_IBA-FOV [mm] Deviation_PTW-FOV [mm]
10 14.2+£0.15 12.6 £ 0.46 4.17+0.15 2.6 £0.46
20 21.4+£0.12 21.4+£0.21 143+0.12 143 +£0.21
40 41.1+0.2 40.7+0.2 1.1+0.2 0.8+0.2
60 60.4 £ 0.06 60.5 £0.26 0.43 £0.06 0.47 £0.26
80 80.7+0.12 80.7 £0.21 0.73+0.12 0.7 £0.21
100 100.9 +0.15 0.87 £0.15

110 110.2+0.14 0.2+0.14

120 1193 +£0.17 -0.7 £0.17

160 159.6 + 0.35 -0.43+0.35

200 198.4 +0.15 -0.57+£0.15
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Figure 4. Shape of two-dimensional PTW 23222 rigid stem ionisation chamber scanned cone beam computed tomography

(CBCT) beam profile

The smallest relative deviation from the ven-
dor-based data was 2.3 % (0.5 mGy) for the pelvis
imaging protocol. For breast imaging protocol, we
found the largest relative deviation of 12.2 % (0.12
mGy) (Tab. 5). Detected values were higher than
the vendor-based values for all imaging protocols.
By reducing the reference beam width and correct-
ing the beam widths, CTDI values were detected
higher than previously measured with a reference
beam width of 17 mm (Fig. 5) [24].

DLP and effective dose values

The DLP and effective dose values recorded
during the acquisition phase exceeded the values
specified by the manufacturer for all imaging pro-
tocols (Tab. 6). The lowest discrepancies were ob-
served for the pelvic imaging protocol, as evidenced
by the CTDI values. With regard to the percent-
age deviation, the maximum value was 11.5% for
the breast.

Discussion

The radiographic film is often used for the ver-
ifications of field size [26]. Gonzalez-Lopez, et al.
used radiochromic films in their study about small
fields due to high spatial resolution [27]. Jurkovic
et al. the dosimetry of scattered, low energy photons
with radiographic film [28]. Based on our investi-

gation, in some cases, the X-ray film was overex-
posed and a plateau was obtained during the eval-
uation, which made it impossible to determine
the half-width of the profile. In other cases, widen-
ing due to scattered radiation became unmanage-
able. Prentou et al. used EBT3 radiochromic film
in kV X-ray radiation therapy study [29]. The dose
of CBCT exposure did not cause polymerization
in EBT3, even when the imaging protocol with
the highest additional dose was repeatedly applied
in the same setup. The EBT3 film was used for our
study due to its ability to detect a wide range of radi-
ation doses, from 0.1 cGy to 10 Gy, and energy-in-
dependence, as per the manufacturer’s instructions.
A suitable measurement setup for film dosimetry
was not found using the tools available.

The ionisation chamber detector matrices can be
used to perform various patient-specific and lin-
ear accelerator quality assurance tests. The major
advantages of detector matrices are the reusabil-
ity and real-time monitoring over film dosimetry.
Ritter et al. published a study about the meaning-
ful and efficient linear accelerator commissioning
or monitoring with 2D detector array [30]. Anvar
et al. compared the usability of 2D Matrixx and ra-
diochromic film for the quality assurance of pho-
ton beams and observed a good agreement [31]. M.
Liebmann et al. used a two-dimensional detector
array for CT and cone-beam CT dosimetry [32].
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Figure 5. Comparison of the computed tomography dose index (CTDI) values with and without beam width correction
and the vendor-based values based on the different cone beam computed tomography (CBCT) imaging protocols

Table 6. Comparison of dose length product (DLP) and effective dose values, calculated from computed tomography dose
index (CTDI) as estimated by the manufacturer and corrected for measured beam width

Protocols Manufacturers_DLP [mGy-

Expected_E [mSv]

Beam width corrected_ Beam width corrected_E

mm] DLP [mGy- mm] [mSv]
Head 734 0.169 7726+13 0.178+0.13
Head low dose 245 0.056 266.1+2.4 0.061 +0.24
Thorax 1203.8 2.046 1251.2+4.2 2.127 £0.42
Breast 196 0.333 2185+ 14 0.371+0.14
Pelvis 4298 8.166 4363.2+12.6 8290 +1.26

In our study small beam widths were measured us-
ing PTW Octavius 1000 SRS, while beam widths
exceeding 80 mm FOV were measured using IBA
Matrixx Resolution ionization chamber detector
matrix. Comparing data detected at the same field
sizes, the two systems gave identical results, except
for FOV below 20 mm.

Kim and Alaei implemented the full and half
bowtie models of kV CBCT in a treatment planning
system [33]. During the validation process they

show the dose distribution of kV static X-ray beam
with half bowtie filter geometry in a cubic water
phantom. A similar dose distribution was detect-
ed by the semiflexible ionization detector chamber
based on our investigation.

There are no sources in the international liter-
ature to describe the manufacturer’s definition of
the CTDI for CBCT, and the manufacturer does
not define the field size parameter that describes
the beam width at the isocenter of the linear accel-
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erator. The predicted CTDI values of imaging pro-
tocols increase in direct proportion to the growth of
the tube current parameter.

The CTDIvalues corrected by the measured beam
width were higher than those specified by the man-
ufacturer for all imaging protocols. Henceforth,
the measured doses during the imaging process
were underestimated, because of the detection ef-
ficiency [25]. Thus, the effective dose of imaging is
much higher than the vendor-based data.

The magnitude of the discrepancies did not ap-
pear to be large; however, these results are for one
acquisition and the effective dose has to be mul-
tiplied by the number of CBCTs connected to
the therapy session. For the effective dose, it should
be noted that the mathematical formula used to
calculate it contains hypothetical concepts and ex-
pressions involving large uncertainties in the caus-
al relations between radiation dose and stochastic
effects and is not able to predict the future risk of
cancer for any organ or tissue. Therefore, it cannot
be used for estimating individual or population
cancer risk and cannot be used as a basis for epi-
demiological studies. However, it is an appropriate
general measure for determining radiation protec-
tion dose limits [21].

Conclusions

The measured CTDI coefficient calculated with
the measured beam width was higher than predict-
ed by the manufacturer for each imaging protocol;
however, during the measurements, the effect of ev-
ery parameter could not be considered, for example;
scattered dose, uncertainty of detectors, setup er-
rors, etc. The results of our measurements show that
while the smallest relative difference of CTDI val-
ues was detected for the pelvis protocol, this causes
the largest absolute difference in effective dose.

The currently internationally recommended
CTDI measurement protocols for CBCT do not
contain reference to the determination of the beam
width as a basic element of the calculations. Based
on our measurement results, the beam width pa-
rameters affect CTDI, therefore it would be advis-
able to apply this type of correction.
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