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Background. Organ absorbed doses in cone-beam CT (CBCT) imaging are often neglected in image-guided ra-
diation therapy (IGRT). However, frequent imaging for patient positioning can result in significant and unrecorded
additional radiation exposure. This study aims to evaluate organ doses from kV-CBCT and assess if they are optimized
and how, in prostate and pelvic patient positioning protocols across Europe. Status of quality assurance in IGRT CBCT
imaging is assessed in general.

Materials and methods. Data collected from a survey distributed across Europe on IGRT practices were compiled
and analysed. A representative set of imaging protocols were simulated using Monte Carlo based ImpactMC soft-
ware to assess mean absorbed doses in various organs in the International Commission on Radiological Protection
(ICRP) standard phantom. Absorbed doses to red bone marrow were estimated with a three-parameter mass-energy
absorption coefficient method. The simulations were validated against measurements with MOSFET detectors and
radiochromic film.

Results. Simulated prostate absorbed doses ranged from 12 mGy to 34 mGy per imaged fraction for pelvic proto-
cols, and 4 mGy to 26 mGy for prostate protocols. The selected length of the imaging region influenced doses to the
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femur and sacral red bone marrow. Overall, 74% of tfreatments involved positioning imaging at every fraction, indicat-
ing substantial cumulative doses from kV-CBCT imaging. Quality assurance was performed by 90% of responders, but

good practice guides and national protocols do not exist.

Conclusions. The results of this study suggest that clear guidelines and standardized protocols for CBCT imaging in
IGRT are lacking. There is significant potential to optimize the patient doses resulting from imaging. Given that most
clinics already perform regular quality assurance for imaging equipment, including dosimetry and positioning accu-
racy verification, establishing diagnostic reference levels for CBCT imaging in IGRT could help promote further dose

optimization.

Key words: CBCT; image-guided radiotherapy; optimization; organ dose; diagnostic reference level (DRL)

Introduction

Anatomical variations, such as organ motion or
deformation, will occur in the patient during the
radiation therapy process, which may lead to dis-
crepancies between the calculated and delivered
dose distributions, resulting in either larger (than
planned) doses to healthy tissues or under dos-
ing of the planning target volume. Throughout
treatment course, this may compromise the ef-
fectiveness of treatment and increase the risk of
unwanted side effects or recurrences. It is known
that 5% deviation in the prescribed treatment dose
may induce significant alterations in tumour con-
trol probability and increase the risk to adjacent
organs at risk.!

The discrepancy between planned and delivered
doses due to anatomical variations is significantly
mitigated using image-guided radiotherapy (IGRT),
which ensures accurate positioning and conse-
quently radiation beam delivery through various
imaging techniques performed immediately before
the treatment. For this purpose, one of the most
common techniques used is cone beam computed
tomography (CBCT), but also projection radiogra-
phy using kV or MV photons, magnetic resonance
imaging (MRI), ultrasound, surface imaging, and
positron emission tomography are used.? The CBCT
technique has almost fully replaced traditional pro-
jection imaging and MV beam imaging and became
widely accessible technique and is the predominant
modality employed globally.3*

Frequent and non-optimized imaging exposes
patients to additional radiation risk. Optimization
involves careful selection of parameters such as
the length of the imaged region, X-ray tube current
and voltage, field of view, number of projections,
and the use of X-ray beam filtration, while still en-
suring acquisition of the necessary patient- posi-
tioning information.> Typically, the imaged region
extends several centimetres, or more, beyond the
treated area, thereby exposing volumes of healthy
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tissue to substantial doses if imaging is performed
at every treatment fraction (up to 40 fractions, al-
though nowadays often fewer).>® Additionally, the
dose from imaging contributes to the target vol-
ume dose but also dose to organs-at-risk.

Despite their routine use, radiation doses as-
sociated with patient positioning imaging have
traditionally received little attention. However,
awareness of the need to optimize the dose
from imaging in IGRT has increased in recent
years.l*13 Recognizing the importance of the is-
sue, the International Commission on Radiological
Protection (ICRP) has established a task group to
advance radiological protection aspects of imag-
ing in radiotherapy (ICRP Task Group 116, https://
www.icrp.org/icrp_group.asp?id=182). This group
presented a methodology to apply correction fac-
tors on Varian TrueBeam linacs without requiring
100 mm chambers or cylindrical phantoms, ena-
bling centres worldwide to perform meaningful
imaging dose measurements and optimisation.*

The European Radiation Dosimetry Group
(EURADOS, https:/feurados.sckcen.be) promotes
research, development, and European coopera-
tion in ionizing radiation dosimetry. EURADOS
contributes to the harmonization of dosimetric
procedures within the EU and ensures their align-
ment with international standards. To assess the
status of patient positioning imaging in Europe
and to promote the optimization of patient expo-
sures, EURADOS launched a project to investigate
imaging practices across Europe and to estimate
corresponding patient organ doses in selected
treatments. For this purpose, a questionnaire was
developed and distributed via EURADOS contact
persons to radiotherapy departments. The data
presented in this study pertain to treatments in the
pelvic region, with a particular focus on imaging
for prostate treatments.

Diagnostic reference levels (DRLs) are used in
diagnostic imaging to support the optimization
process. DRLs serve as guidelines for evaluating
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patient radiation doses during specific procedures,
helping to identify whether a dose is unusually high
or low. This facilitates the optimization of radiation
exposure while ensuring the necessary image qual-
ity and diagnostic information. Although DRLs are
not traditionally applied to radiation therapy, the
ICRP recommends their use for patient setup veri-
fication imaging in radiotherapy."* While this study
does not aim to establish regional DRLs for patient
positioning imaging, its results provide an indica-
tion of typical exposure levels and thus serve as ref-
erence and benchmark for future studies focused
on establishing national or regional DRLs.

Materials and methods

Questionnaire on imaging practices and
quality assurance

The questionnaire was developed to analyse cur-
rent imaging practices in radiotherapy clinics
across Europe. It was distributed via email to ra-
diotherapy centres, national societies, and through
EURADOS Working Group on Radiotherapy
Dosimetry. Direct contacts were established with
16 European countries. The questionnaire was dis-
tributed in September 2023, and the final respons-
es were collected in April 2024.

The questionnaire was structured in two parts.
The first part focused on general institutional data
and practice, including the number and type of ra-
diotherapy machines and their age, quality assur-
ance protocols for imaging devices, recording of
doses from imaging, and the frequency, and type
of imaging performed for different anatomical
sites and patient age groups (adults vs. paediatric
patients).

The second part of the questionnaire focused
on gathering detailed information about the spe-
cific radiotherapy machines identified in the first
section. Participants were asked to select up to
two machines that best represent clinical practice
across different treatment sites, with particular
emphasis on the pelvic region. This section of the
questionnaire aimed to obtain detailed informa-
tion on the use of projection imaging performed
with the treatment beam and with a dedicated
X-ray device (planar MV and kV imaging), as well
as on volumetric imaging (MV and kV CBCT im-
aging) carried out during radiotherapy treatments.

Specific questions addressed the frequency and
the type of imaging for each treatment site, adjust-
ment of field size, imaging protocol and dose re-
cording practices, X-ray tube settings (current and

voltage U), pulse length, number of projections,
weighted CT dose index (CTDI, )"®, dose normali-
zation (CTDI /100 mAs), gantry speed, rotation
angle, field of view (FOV), length of the imaged re-
gion, geometric distances (e.g., focus-to-isocentre
and focus-to-detector), acquisition time, and the
filter type (full fan or half fan).

To ensure anonymity, the results were coded:
the letter indicates the country, while the sequen-
tial number identifies the specific radiotherapy
clinic or hospital within that country.

Monte Carlo calculation of organ doses
General method

Computational results presented in this study
were computed using ImpactMC (version 1.20%).
It uses DICOM files as input to represent patient
anatomy. Output is a three-dimensional dose dis-
tribution in the DICOM file geometry.

Monte Carlo simulations used technical param-
eters of imaging protocols obtained from the ques-
tionnaire. These protocols were grouped based on
the imaged site (e.g. pelvis or prostate), X-ray tube
voltage and current, and X-ray beam collimation
width. As most hospitals reported similar imag-
ing protocols, the data were consolidated to retain
only a few representative cases. Only pelvis and
prostate imaging protocols were simulated.

Simulated protocols

Key parameters for simulated pelvic and prostate
protocols are presented in Table 1 and Table 2, re-
spectively.

The X-ray beam shaped filter (bowtie filter),
and the X-ray spectrum were given as an input for
ImpactMC. X-ray tube energy spectra were com-
puted using the SpekPy code.”

Three bowtie filter profiles were used: one for
Elekta half-fan setup, and two for Varian (half-
fan and full-fan setups). Differences between in-
dividual machine models may introduce small
inaccuracies in the results. However, previous
work showed that bowtie filters used in Varian
TrueBeam models were similar.? Therefore, it was
assumed here that the differences between models
from the same manufacturer would not introduce
significant uncertainty.

Air kerma free-in-air at isocentre (K ) required
by ImpactMC was simulated from the CTDI, val-
ues with 32 cm diameter CTDI phantom using full
fan geometry with 16° fan angle and 10 cm total
beam collimation.

Radiol Oncol 2026; 60(1): 141-152.
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TABLE 1. Parameters for pelvic area kV cone-beam CT (CBCT) simulations. All protocols employ half fan filtering unless otherwise stated. The last
protocol shows the parameters used in validation measurements

Mk X-ray source Imaged
. U Q C1DI,, S start-stop region FOV
Hospital munr:f‘;:‘;::ljrer/ (kV) (mAs) (mGy) Projections angle length (cm) Notes
(degrees) (cm)
c ?Sﬁﬁc’y 120 1056 22.0 660 1180 f0 180 4 27 Vendor provided
Elekta .
G1 Agility 120 528 11.0 330 90 to -89 28 42 Vendor provided
A3 Varian ClinaciX 125 659 17.8 650 182 to - 178 1 30 Vendor provided
Varian :
D1 TAUEBEGm 125 1080 16.0 900 90 to 270 15 45 Vendor provided
F1 Varian Trilogy 125 697 17.8 670 180 to -180 16 45 Vendor provided
Fé Varian Halcyon 125 592 11.8 529 -180 to 180 22 21 Vendor provided
Varian Full fan filter.
H1 60mA TrueBeam 125 900 13.3 900 180 to -180 21 45 Optimized on site
H1 80mA Varian Halcyon 125 1074 21.5 895 181 fo -181 25 45 Vendor provided
Varian . Start-stop angles
02 TrueBeam 125 684 1.5 900 Full rotation 16 45 assumed
Varian Protocol used in
- 125 1080 - 900 180 to 180 17 - MOSFET and LD V1
TrueBeam
measurements
CTDI,, . weighted CT dose index; FOV = field of view
TABLE 2. Parameters for prostate imaging kV cone-beam (CBCT) protocols. All protocols employ half fan filtering
mqm’.\ulf‘ggrul:‘eer e V] Q CT1DI,, el X-ray source start- Imaged region FOV
i (kV) (mAs) (mGy) ) stop angle (degrees) length (cm) (cm)
G1 Elekta Agility 120 528 1.0 330 90 to -89 28 42
M1 Elekta VersaHD 120 845 12.2 660 -180 to 180 21 28
M4 narrow Elekta Synergy 120 422 5.7 330 -180 to 180 14 28
M4 wide Elekta Synergy 120 422 7.8 330 -180 to 180 28 28
F2 Varian TrueBeam 125 1080 16.0 9200 180 to -179 18 49
J Varian TrueBeam 125 252 3.70 9200 -179 to 181 16 45

CTDI,, . weighted CT dose index; FOV = field of view

Full-fan beam geometry was specified in
ImpactMC using the fan angle parameter. This an-
gle was estimated based on the source-to-isocentre
and source-to-detector distances, the field of view,
and the imaging length. It was further assumed
that the beam would fully cover the detector, and
that at the isocentre, the beam would deviate by at
most half of the field of view from the isocentre.

Dose calculation

In the simulations, ICRP’s Computational
Reference Phantom (CRP) was used as the ana-
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tomical model of the patient.’® The CRP was modi-
fied by removing arms to replicate a realistic imag-
ing setup where arms are kept outside the X-ray
field. For ImpactMC, the material composition of
the CRP was expressed in Hounsfield units rather
than the elemental compositions of the original
CRP. At least 10" source photons were simulated
to ensure sufficient statistical accuracy in organ
dose calculations.

The absorbed dose for each organ in CRP was
calculated as the mean absorbed dose across all
voxels assigned to that organ. The uncertainty
associated with each organ dose was estimated
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using the bootstrapping method. The analysis fo-
cused on organs near the X-ray beam centre and on
those with the highest tissue weighting factors.”

The absorbed doses to red bone marrow (RBM)
were estimated using the ratios of mass-energy ab-
sorption coefficient ratios and dose enhancement
factors in the RBM and the surrounding spongious
bone, the so-called three-parameter MEAC meth-
0d.?2! Mass-energy absorption coefficient ratios
between spongiosa volume of pelvis, femora and
sacrum and RBM, and dose enhancement factors
for active bone marrow were obtained and inter-
polated from Johnson et al.%

The initial X-ray tube spectrum was used as
an estimate of the photon spectral fluence at the
RBM site. Thus, the RBM dose was obtained by
multiplying the dose to the bone in CRP by photon
spectrum weighted averages of mass-energy ab-
sorption coefficient ratios and dose enhancement
factors.

Dose measurements in anthropomorphic
phantom

Dose measurements using radiochromic films and
MOSFET detectors were performed to validate
the Monte Carlo (MC) simulation. The measure-
ments employed MOSFET (mobileMOSFET, Best
Medical, Canada) and LD-V1-1012 radiochromic
film (Ashland Advanced Materials, Bridgewater
NJ, USA) within a pelvic anthropomorphic phan-
tom (ATOM CIRS Adult Male Model 701).

The detectors were calibrated in air with a sta-
tionary CBCT X-ray tube'®, using a RaySafe (X2 R/F
305675) detector as a reference, calibrated by the
Swedish Board for Accreditation and Conformity
Assessment. As suggested by Brady et al.”2, a cor-
rection factor was established to account for differ-
ences in scatter, geometry, and beam modulation
between calibration and measurement conditions.
For this purpose, each MOSFET and a pencil ioni-
zation chamber (RaySafe X2 CT 293677) were posi-
tioned at the centre of a 32 cm CTDI phantom.

To ensure consistency of measurements, a
dose comparison between MOSFETSs, films (sand-
wiched between two CTDI phantom slabs), and
the pencil ionization chamber, with each detector
positioned sequentially in the CTDI phantom (3, 6,
9, 12 o’clock, and the phantom centre) was done as
in Figure 1.

The LD-V1 film’s response to the irradiation di-
rection was evaluated under two configurations:
(i) with the beam axis aligned parallel to the film
surface, and (ii) with the beam axis-oriented per-

MOSFETS

FIGURE 1. Positions of LD-V1 films and MOSFETs in the CT dose
index (CTDI) phantom.

pendicular to the film surface. Validation meas-
urements were performed by averaging doses
from four CBCT scans of the anthropomorphic
phantom, using the scanning protocol of Table 1.
Ten LD-V1 film pieces (3 cm x 3 cm) were placed
between phantom slabs, as illustrated in Figure 2.
Five films were positioned between slabs 33
(Figure 2A) and 34, and another five films between
slabs 34 (Figure 2B) and 35. Slab 34 was located
above the isocentre plane, while films on slab 35
were aligned with the isocentric plane. In both po-
sitions, one film was placed in the centre, and four
films at 3, 6, 9, and 12 o’clock positions with about
3 cm spacing between them.

Figure 2C presents an image of the phantom
slab numbers, where the films are attached to the
surface of slab 34. The dose was obtained as a mean
dose in the central 2 cm x 2 cm region of the film.

Similarly, in separate scans, five MOSFET detec-
tors were placed inside slabs 34 and 35 (Figure 3)
at centre (prostate), posterior, anterior and lateral
positions.

The Varian TrueBeam setup used in the phan-
tom measurements was modelled in ImpactMC.
These CBCT simulations were done without de-
tectors to avoid any perturbations they might in-

Radiol Oncol 2026; 60(1): 141-152.
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FIGURE 2. Positions of LD-V1 films in the anthropomorphic phantom. Panel (A) shows film positions between slabs 33 and 34,
and panel (B) between slabs 34 and 35. Panel (C) shows a side view of the phantom with films on top of slab 34 (corresponding

to panel (A)).

FIGURE 3. Positions of MOSFET detectorsin the anthropomorphic
phantom. Left panel shows the detectors in slab number 34 (A)
and the right panel in slab number 35 (B).

troduce to the dose distribution. Simulated mean
absorbed doses were obtained in regions of inter-
est (ROIs), corresponding the locations of the film
or MOSFET detectors. The statistical uncertainty
of the simulated dose was estimated by analysing
standard error of the mean in ROIs in adjacent, ho-
mogenous regions of the dose distribution.

Results
The questionnaire

In total, 35 hospitals (country distribution shown
in Figure 4) participated in the survey, submitting
data about 68 accelerators and 243 treatment sites.
A single accelerator can be used to treat different
anatomical sites (e.g., pelvis and head). Across all
treatment sites, 115 kV-CBCT protocols were col-
lected, of which 44 protocols considered prostate,
pelvis or rectum.

Patient positioning imaging was used across all
clinical sites. Treatment sites with more than four
answers are shown in Figure 5. Sites with less than
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four answers were spine (3 answers), stomach (2
answers) and mediastinum (2 answers). In two
cases, no treatment site was specified. kV-CBCT
and planar kV imaging were the most widely used
modalities. Other patient positioning techniques
than kV/MV CBCT and planar imaging were sur-
face-guided positioning, Calypso (Varian Medical
Systems, Inc), and magnetic resonance imaging.

The majority (74%) of the reported treatment
protocols involved imaging at every treatment
fraction. The rest used imaging during the first
one to three fractions (21%) or the first four to
seven fractions (5%), followed by weekly imaging.
Some clinics return to daily imaging if inconsist-
encies are observed. Out of nine clinics that re-
ported treatment of paediatric patients, three used
dedicated paediatric imaging protocols. Typical
modification to the protocol when paediatric pa-
tients were treated was the reduction of the X-ray
tube voltage and Q.

Patient dose from imaging was recorded in 11
hospitals (31%). The dose was obtained either from
the treatment planning system or estimated us-
ing CTDI or CTDI  values in the patient treatment
records as a surrogate for the patient dose. Two
hospitals reported that doses from imaging were
explicitly included in the total treatment dose cal-
culation.

The quality assurance of imaging devices was
conducted by all but three clinics from 31 answers
(excluding four blank answers). Quality assurance
tests included isocentre positioning accuracy, im-
age quality tests (tests for contrast, noise, and uni-
formity in the images; usually carried out month-
ly), and most notably, dose measurements.

Verification of the absorbed dose was typically
done in the head or body CTDI phantom (13 hos-
pitals). Measured dose quantities were CTDI or



Kansanoja T et al. / Patient doses in pelvic IGRT in Europe

TABLE 3. Third quartiles of median reported weighted CT dose index (CTDI,) values by country for pelvic imaging protocols

147

Country A B © D E F G H K Median®
Third quartile CTDI,, (mGy) 17.8 16.9 22.0 16.0 37.6 15.6 11.0 17.7 21.7 22.0 17.7
*The median column shows the median of the third quartiles
TABLE 4 Third quartiles of median reported CT dose index (CTDI,) values by country for prostate imaging protocols
Country (of D F G H J L M (o] Median’
Third quartile CTDI,, (mGy) 32.2 16.0 19.7 11.0 13.5 3.7 16.0 9.6 1.3 13.5
*The median column shows the median of the third quartiles
CTDI, in most cases uslng a 10 cm penCil ioniza- Finland me——
tion chamber. Other dose measurement methods UK
were in-air kerma measurement with a Farmer- Spain - m—
type chamber, measurements in a slab phantom Hiaine
ith a F hamb d Switzerland  —
Wlt a Farmer-type ¢ - amber, an rr.leasur§mgnts iy —
in an anthropomorphic phantom with an ioniza- Serbia  E——
tion chamber. Imaging dose verification measure- Germany — m—
ments were typically done once per year. Image Portugal
quality tests were mostly done with the Catphan M°nteL”‘:g_r° [r—
atvia s ——
phantom (Phantom laboratory, Salem NY, USA).
A ) ) Italy  r—
The survey collected information on national Estonia
protocols or good practices in patient position- Croatia
ing imaging. Of the 32 respopdents, 30 answered 0 1 5 3 4 5 - 2
this question: only two clinics reported having o

national protocols in place. Two additional clinics
from the same country indicated that they follow
national protocols for quality assurance testing.
Additionally, one hospital reported following re-
gional protocols, and another reported following
international protocols. The remaining 24 answers
indicated that no guidelines are followed.

Less than half of protocols were optimized at
hospitals: when imaging the pelvic region, 43% of
the hospitals optimized their protocols from ven-
dor-provided protocols (prostate imaging was op-
timized more often than generic pelvic protocol).
In the thorax area, 41% of the protocols were op-
timized at hospitals. Only 17% of protocols in the
head and neck area were optimized.

In the kV-CBCT protocols for pelvis and pros-
tate imaging, X-ray tube voltages ranged from 120
kV to 125 kV, while tube current varied from 14 mA
to 80 mA. The typical number of projections was
330, 660 or 900. Bowtie filters were employed for
imaging of the trunk to reduce dose to superficial
organs. The length of the imaging region ranged
from 11 cm to 41 cm. The FOV ranged from 21 cm
to 49 cm (Tables 1 and 2).

FIGURE 4. Number of answers to the questionnaire among countries.

Tables 3 and 4 show the third quartiles of me-
dians of CTDI values from the questionnaire
(CTDI, is recommended as a CBCT DRL quantity)
for pelvic and prostate protocols, per each country.
These third quartiles represent national DRL val-
ues.’ The indicative regional DRL is the median of
national values, 17.7 mGy for pelvic and 13.5 mGy
for prostate imaging protocols.

Organ doses

Organ mean absorbed doses for sigmoid colon,
rectum, prostate, stomach, bladder wall, and
RBM of femora, pelvis, and sacrum are shown in
Tables 5 and 6 for pelvic and prostate protocols,
respectively.

Organ doses show significant variation be-
tween protocols in the same target area. Tables 5
and 6 show that doses to the prostate fell between
4 and 34 mGy per imaged fraction, lowest values

Radiol Oncol 2026; 60(1): 141-152.
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TABLE 5. Mean absorbed doses (mGy) for the pelvic protocols, per hospital and imaged fraction. Relative standard uncertainty is 16% for red bone
marrow (RBM), 13% for other organs

Pelvic protocols

Organ mean absorbed dose per imaged fraction (mGy)

Hospital Sigmoid colon Rectum Prostate Stomach Bladder Femora RBM Pelvis RBM Sacrum RBM
C 39.8 38.1 34.1 1.3 39.2 31.9 35.9 36.2
G1 14.4 16.5 14.5 0.1 16.3 10.5 12.9 14.6
A3 13.5 20.8 15.1 0.0 20.1 7.7 10.0 5.7
D1 22.6 32.8 27.4 0.0 30.9 13.2 17.5 14.6
F1 10.1 14.4 12.3 0.0 13.7 5.9 7.9 7.2
Fé 1.8 13.3 11.6 0.1 13.1 7.1 9.6 10.4
H1 (60 mA) 24.6 29.8 25.9 0.1 28.2 13.7 19.0 23.0
H1 (80 mA) 15.7 19.4 18.5 0.0 18.7 10.0 13.3 16.0
02 16.9 23.9 20.2 0.0 22.5 9.9 13.2 12.0

TABLE 6. Mean absorbed doses (mGy) for the prostate protocols, per hospital and imaged fraction. Relative standard uncertainty is 16% for red
bone marrow (RBM), 13% for other organs

Pelvic protocols

Organ mean absorbed dose per imaged fraction (mGy)

Hospital Sigmoid colon Rectum Prostate Stomach Bladder Femora RBM Pelvis RBM Sacrum RBM
G1 13.2 15.4 15.1 0.0 16.9 1.9 1.6 10.1
M1 14.2 18.8 17.3 0.0 19.0 15.2 12.6 6.0
M4 Narrow 1.5 3.9 3.9 0.0 3.7 3.0 1.7 0.6
M4 Wide 5.9 6.5 5.8 0.0 6.6 5.4 4.4 4.3
F2 13.1 22.6 26.1 0.0 25.9 14.7 12.5 4.8
J 2.3 4.4 4.8 0.0 4.7 2.6 2.2 0.8

obtained with optimized protocols of hospitals M4
and J.

Dose measurement data and simulation
results comparison

Measurements with MOSFET, pencil ionization
chamber and radiochromic films agreed with each
other. The differences in measured doses between
MOSFET and pencil ionization chamber were typ-
ically 3% (range from 1.8% to 10%). The differences
between films and pencil ionization chambers in
CTDI phantom were typically 1% (range from 0.0%
to 2.7%).

MOSFET measurements in anthropomorphic
phantom agree within uncertainties with the
simulated results in all cases except for right po-
sition (Figure 6). The largest discrepancies be-
tween MOSFET and simulated doses were in the
right and left MOSFET positions at slab number 35
where the simulated mean doses in ROI were 39%
and 25% higher than the measured doses. The dos-
es at the centre of slabs number 35 and 34 and the
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down position agreed within 13%. In all positions
except right the doses were compatible within the
uncertainties.

The results of the film simulation show slightly
larger differences with the measurements than
with MOSFETs. Figure7 shows differences be-
tween simulation and measurement in both slabs.

ImpactMC model uncertainties

The relative statistical uncertainties in simulated
organ doses were between 1-4% for organs in the
primary beam. Major uncertainties in the simu-
lations came from the conversion of CTDI to air
kerma free-in-air, modelling of the beam geom-
etry, and in the case of calculating doses from the
measurement setup, the placement and size of
ROIs (uncertainty in dose measurements was es-
timated to be 15% inside the phantoms). These un-
certainties were assumed to be independent and
were added in quadrature.

The conversion to air kerma free-in-air was sim-
ulated with ImpactMC. The resulting conversion
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factor has uncertainty from the manual position-
ing of the isocentre in the CTDI phantom, statisti-
cal uncertainty, and the used X-ray spectrum and
bowtie filter. The exact shapes of the bowtie filters
of individual machines of this study were un-
known which resulted in additional uncertainty in
the calculated conversion factors. This uncertain-
ty was estimated to be less than 5%, as previous
study showed that bowtie filters of Varian models
were similar.?

The largest source of uncertainty in simulations
stemmed from the beam geometry. Extending col-
limation from the inner side by 10 mm at the iso-
centre increased the dose by 10-20%. Widening the
collimation at the isocentre from the outer side did
not affect doses to other important organs other
than the bladder. The bladder was the most prone
to changes in collimation, since it is a small organ
at the edge of the primary X-ray beam for most
protocols, therefore the change in beam width af-
fects its dose significantly. Here it is assumed that
this contributes 10% to the uncertainty.

Change in the collimation in vertical direction
increased the imaging region length, which in
turn increased doses to organs at the edge of the
beam. The beam geometry was defined within
5% accuracy which translates to a maximum of
8 mm changes in the collimation. Combining all
uncertainty sources gives the simulations a total
standard uncertainty of 13%. For RBM dosimetry
there is an additional 10% uncertainty related to
weighted mass-energy absorption coefficients and
the fluence spectrum inside the phantom, yielding
a total standard uncertainty of 16%. These uncer-
tainties are associated with doses in CRP, and un-
certainties in real patient anatomies may be larger.

Discussion

The results show that there are significant varia-
tions in mean organ absorbed doses in the imaged
region. The largest variations occurred in RBM ab-
sorbed doses of femora, pelvis, and sacrum. These
variations were mainly due to the differences in
imaging region length and the position of the iso-
centre. Hospital M4 wide and narrow protocols for
prostate imaging highlight the effect of imaging re-
gion length to RBM absorbed doses. The protocols
differed only by their imaging region lengths (27.7
cm vs 13.5 cm). Hospital C used 41 cm imaging re-
gion length which was the widest of all simulated
protocols, explaining notably high doses. The pro-
tocol also had an exposure time of 26.4 s when the
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typical exposure time was 18 s. Hospital C caused
similar absorbed doses to hospitals D1 and H1
with comparable current-time-product values for
organs located near the beam centre (e.g., 34 mGy
vs. 27 mGy vs. 26 mGy for the prostate, Table 5).
Slightly larger doses for hospital C than D1 or H1
can be explained by increased scatter caused by
a wider X-ray beam. Hospitals M4 and ] had low-
est tube current-time products (442 mAs and 252
mAs) and, accordingly, the mean organ doses are
the lowest of all simulated protocols.

Mean absorbed doses to the stomach were well
below 1 mGy per imaged fraction, except for hos-
pital C, where the lengthy imaged region directly
exposes the stomach unlike other protocols. The
calculated doses are in line with previous stud-
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ies which also indicate significant organ absorbed
doses from different imaging protocols.”?4%

The MC simulations were validated with
measurements in an anthropomorphic phantom.
Generally, simulations and measurements agreed
within uncertainties in areas that were homoge-
neous soft tissue material. In three measurement
positions the difference cannot be explained by
uncertainties only. In these cases, the adjacent
bony structures and differences between the de-
tector positions and ROIs in the simulation caused
deviations - the regions where simulated doses
were determined probably overlapped more bony
structures than MOSFET measurements, therefore
increasing the simulated dose relative to measure-
ments.

Across the 14 European countries (35 hospitals)
included in the survey for this study, significant
variations in the approach to the patient dose from
imaging were found, and there is room to enhance
the optimization of these doses during radiothera-
py treatments. Among the institutions, only three
reported using national protocols for the patient
dose assessment.

The significant reduction in patient organ doses
can easily be achieved e.g. if imaging frequency
is reduced, and the X-ray tube current-time prod-
uct is reduced from the factory preset value. This
cumulative organ dose reduction can reach hun-
dreds of mGy. However, the lack of recommended
protocols and guidance, as noticed by ESTRO, who
in their recent publication provide practical advice
for optimising and maintaining CBCT imaging
protocols for the needs of local procedures and
patient populations, may slow down this develop-
ment.® In this study, less than half of the hospitals
have optimized their protocols either by reducing

Radiol Oncol 2026; 60(1): 141-152.

the FOV, number of projections, or X-ray tube cur-
rent. All hospitals use the bowtie filters to reduce
dose to organs located off the X-ray beam centre-
line. The importance of regular and appropriate
quality assurance of CBCT devices is highlighted
by their frequent use at hospitals.

The results of the survey reflect high workload
of radiotherapy departments. There is an overall
agreement among clinicians on the importance of
quantitative consideration for the imaging dose
when updating patient setup protocols. As an ex-
ample, a clinical decision to reposition the patient
and retake images often represents a balance be-
tween an ideal setup, time that the patient spends
on the treatment table and the imaging dose.
Analysing the latter will improve the decision-
making process.

With new developments in radiotherapy be-
coming more widely available, there is an increas-
ing demand to optimize radiation doses used for
treatment more efficiently. As a result, the increase
in high-quality, low-dose imaging will be obvious.
Only 11 (31%) hospitals confirmed regular meas-
urements and record-keeping doses for their imag-
ing modalities.

The majority of the reported treatment proto-
cols involved imaging at every treatment fraction.
Some clinics switch to weekly imaging after the
first few fractions. However, it was noted that some
clinics return to daily imaging in case of inconsist-
encies to avoid misalignment in dose delivery. For
some of the localizations, the impact of absorbed
dose from imaging may be even more significant
than for those sites simulated in this work. For
instance, treatments and imaging in the thoracic
region does not only include radiation-sensitive
female breasts, but evidence of radiation-induced
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cardiovascular diseases is growing.?® Overall, the
dose to an individual organ depends on the com-
bination of imaging parameters but key factors can
be distinguished from our simulations: Besides
the tube current-time product, the imaging region
length is a principal factor as it directly influences
what organs gain exposure. Increasing the imag-
ing region length will increase mean absorbed
doses to organs at the edges of the beam thus ex-
posing more healthy tissue to ionizing radiation.
This increase in organ dose is particularly focused
on the femora, but other organs such as bladder
can be affected as well. However, the image must
show the necessary details to enable patient posi-
tioning and for that purpose the imaging region
must be selected appropriately even if it produces
additional dose to the patient. The frequency of
positioning imaging is a major factor that affects
the patient dose. If required positioning accuracy
can be obtained with less than daily imaging, the
dose saving can be substantial.

The increase of absorbed dose in bones also af-
fects the dose to RBM which is particularly sen-
sitive to ionizing radiation. The absorbed dose to
RBM is further enhanced in kV-CBCT imaging due
to photoelectric events in the surrounding bones
at less than 200 keV photon energies.?® Dose to
RBM could not be calculated directly in ICRP CRP
since it has been incorporated into the spongious
volumes of bones.’®? Thus, in the present study
the dose in RBM was estimated using the mass-
absorption coefficients ratios in the RBM and the
surrounding bone.

The purpose of this study was to examine a va-
riety of organ doses from kV-CBCT imaging proto-
cols in use. Given the nature of the study, the 13%
uncertainty in the simulated organ doses (16% for
RBM) should be sufficient to make comparisons
between different imaging protocols and resulting
organ doses in ICRP CRP. However, the uncertain-
ties in real patient anatomies could be larger than
the values stated in this study.

The CTDI, values were used to establish a ten-
tative DRL values for patient positioning imaging
in the pelvic area. However, in some of the coun-
tries that participated in the survey, limited CTDI,
data were available. Therefore, a more comprehen-
sive and extensive data collection is needed to es-
tablish robust national and/or regional DRLs. Such
an initiative would support the recommendations
of the ICRP* and further support the optimisa-
tion of patient doses in positioning imaging. The
results of this study suggest that representative
CTDI,, values could be 17.7 mGy for pelvic imag-

ing and 13.5 mGy for prostate imaging. However,
careful analysis of the prerequisites for imaging is
essential when setting DRLs, as different position-
ing techniques require varying imaging strategies,
volumes, and image quality levels.

Patient positioning imaging is an essential part
of IGRT, and it cannot be avoided. However, the fre-
quency and dose of the imaging can be optimized
to ensure acquisition of the necessary positioning
information while minimizing patient organ doses.
The results of this study indicate that formal imag-
ing guidelines and protocols for IGRT with CBCT
are largely lacking, with each clinic following its
own practices. Consequently, there is substantial
variation in mean organ doses among clinics, for
example, prostate imaging protocols showed a
range from 4 mGy to 26 mGy per fraction. Overall,
there is considerable room for dose optimization.
In some cases, the imaged region may be unneces-
sarily long, or the tube current-time product may
remain at default factory settings without adjust-
ment. Even though certain protocols have been op-
timized by vendors, manufacturers, or end users,
cumulative mean organ absorbed doses from imag-
ing can still reach several hundred mGy in the im-
aged region if imaging is performed at every treat-
ment fraction (with mean organ doses per fraction
potentially reaching 40 mGy). Most clinics reported
conducting regular quality assurance of imaging
equipment, including verification of dosimetry and
positioning accuracy. In the future, a similar inves-
tigation could be extended to include the head and
neck region, as well incorporate a female anatomic
model. Intrafractional planar kV imaging was not
covered in this study, and it should be considered
in future studies to address the full radiation dose
of the patient.
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