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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: Image-guided radiotherapy (IGRT) involves frequent in-room imaging sessions
IGRT contributing to additional patient irradiation. The present work provided patient-specific dosimetric data related
Monte Carlo dose ealculation to different imaging protocols and anatomical sites.

Personalized dose Material and methods: We developed a Monte Carlo based software able to calculate 3D personalized dose dis-

Prostat
Hr::dé-laid-neck tributions for five imaging devices delivering kV-CBCT (Elekta and Varian linacs), MV-CT (Tomotherapy ma-
Breast chines) and 2D-kV stereoscopic images from BrainLab and Accuray. Our study reported the dose distributions

calculated for pelvis, head and neck and breast cases based on dose volume histograms for several organs at risk.
Results: 2D-kV imaging provided the minimum dose with less than 1 mGy per image pair. For a single kV-CBCT
and MV-CT, median dose to organs were respectively around 30 mGy and 15 mGy for the pelvis, around 7 mGy
and 10 mGy for the head and neck and around 5 mGy and 15 mGy for the breast. While MV-CT dose varied
sparsely with tissues, dose from kV imaging was around 1.7 times higher in bones than in soft tissue. Daily kV-
CBCT along 40 sessions of prostate radiotherapy delivered up to 3.5 Gy to the femoral heads. The dose level for
head and neck and breast appeared to be lower than 0.4 Gy for every organ in case of a daily imaging session.
Conclusions: This study showed the dosimetric impact of IGRT procedures. Acquisition parameters should
therefore be chosen wisely depending on the clinical purposes and tailored to morphology. Indeed, imaging dose
could be reduced up to a factor 10 with optimized protocols.

1. Introduction With IGRT procedures, the healthy volume that receives high doses in

the neighborhood of the target volumes may decrease if smaller margins

During radiotherapy, frequent in-room imaging sessions are per-
formed to adjust either the patient positioning or the target localization.
The so-called image-guided radiotherapy (IGRT), that also includes pre-
treatment imaging modalities has offered new treatment opportunities
such as toxicity reduction, dose escalation, voxelization or adaptation
[1,2]. However, these imaging devices use mostly ionizing radiations
and imaging sessions contribute to additional patient irradiation [3].

are used [4] or if adaptation is performed to improve targeting [5].
However, the healthy volume that receives low doses may increase due
to the larger irradiated volume. Consequently, the imaging dose may
increase the risk of late toxicities and therefore needs to be managed.
The American Association of Physicists in Medicine (AAPM) has
recently published a report on the management of image guidance doses
during radiotherapy, including some general recommendations [6]. One

Abbreviations: IGRT, Image Guided Radiotherapy; MC, Monte Carlo; CBCT, Cone Beam Computed Tomography.
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recommendation consists in communicating the imaging dose associ-
ated with IGRT protocols by site (head, thorax, abdomen, pelvis) to
physicians. This enables informed decision-making for selecting imaging
protocols and ensures that the clinicians are aware of the imaging doses
being delivered to their patients [7]. It appears that one must be able to
calculate, to optimize and to report additional doses due to IGRT pro-
cedures although no dedicated software is yet available in clinical
practice [8] and dose optimisation for radiotherapy imaging is not the
manufacturer’s priority.

The aim of our project was to develop a Monte Carlo (MC) based
software able to calculate 3-D personalized in-medium dose distribu-
tions based on CT images for the main imaging devices among the
manufacturers. The MC models of kV-CBCT systems, stereoscopic sys-
tems and a helical MV-CT system have been created and validated
[10,11]. The present study, in agreement with AAPM recommendations,
reports the dose distributions calculated for three treatment sites (pelvis,
head and neck and breast) using three different patient cohorts with
various morphologies.

2. Materials and methods
2.1. Monte Carlo based software for personalized dose calculations

A methodology able to compute patient-specific imaging doses on a
wide range of IGRT systems and protocols was developed. The meth-
odology was based on MC simulations and we used an in-house modified
version of Penelope 2006 [9] that introduced parallelization as specified
in [10]. Main IGRT devices were included in the database of the pro-
gram. For 3D imaging systems, kV-CBCT XVI (Elekta), OBI (Varian) and
MV-CT TomoTherapy (Accuray) were modeled. For 2D-kV acquisitions,
ExacTrac system (Brainlab) and CyberKnife imaging system (Accuray)
were simulated. MC models were previously validated by comparing
measurements and simulations in a water phantom and anthropomor-
phic phantoms [10,11].

In the program workflow, each voxel of the patient CT images was
converted into a tissue material with a given atomic composition and
density. The conversion was based on Schneider’s stoichiometric
method [12], where the correspondence between Hounsfield Units (HU)
and tissue material was established for various energies (from 80 to 140
kV) for 7 soft tissues and 22 bony tissues, based on CT-HU calibration
curves acquired using either a CIRS-062 or a Gammex phantoms. The
treatment couch was added to the simulation geometry by a 1.2 g/cm?
thick layer of carbon graphite. The imaging isocenter coordinates was
chosen along with the imaging protocol by selecting one of the five
modelled imaging systems.

The MC simulations were computed on 40 CPUs (Intel Xeon 2,8 GHz
E5-2680v2 CPU - Intel Corp., Santa Clara, CA) working in parallel for 2 h
in order to obtain 5% dose uncertainty for in-field voxels. The simulation
output was an in-medium 3D dose map expressed per primary shower
that was converted into an absorbed dose distribution map taking into
account the imaging device air Kerma output, the total image charge
(mAs), the number of projections and the number of image repetition.
The final dose distribution was expressed in dose to medium. The
computed dose distribution was saved in Dicom format to be loaded in
any usual software for dose evaluation in radiotherapy departments.

2.2. Patient cohorts

Three anatomical sites were selected for this study: the pelvis, the
head and neck and the breast. For each site, 15 patients representing a
panel of possible morphologies were chosen. A total of 45 patients was
evaluated. For the pelvis cohort, only males were included in order to
evaluate prostate cancer protocols while for the breast cohort, only fe-
males were included to evaluate breast cancer protocols.

All data were anonymized and respected General Data Protection
Regulation and local regulations for patient privacy.
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2.3. Imaging protocols

The chosen imaging protocol parameters were the most often used in
our clinical practice. Parameters are presented in Table 1. Parameters
such as mAs per scan may vary from one equipment to another due to
provider recommendation and on site dose optimization. The dose
output (air Kerma per mAs) for each protocol was measured at the im-
aging source to axis distance (SAD) using a Farmer ionization chamber.

2.4. Dose for a single imaging session

For each patient over the three cohorts, personalized dose distribu-
tions were calculated for a single imaging session for the five modalities.
Cumulative dose volume histograms were computed and analysis was
performed in terms of median doses (D50%) and dose to 10% of the
volume (D10%) for several organs at risk. For each cohort, D50% and
D10% statistics included the average, the minimum and the maximum
per organ.

2.5. Cumulative imaging dose for daily IGRT

The total additional dose due to in-room imaging was evaluated
considering various daily IGRT strategies in terms of imaging modality
for different treatment schemes. Given the extreme low doses resulting
from a single exposure with 2D-kV imaging modalities (<1 mGy), we
have chosen to focus only on 3D imaging modalities and 2D stereotactic
imaging involving multiple intra-fraction exposures.

Three particular indications were studied. First, the total imaging
dose was assessed for prostate radiotherapy using either XVI-CBCT, OBI-
CBCT or MV-CT over 40 sessions. The resulting additional dose for a
hypo-fractionated prostate radiotherapy of 5 sessions was also assessed,
considering 80 pairs of intra-fraction images per treatment fraction with
the CyberKnife system. Secondly, the imaging dose for breast simulta-
neous integrated boost radiotherapy was assessed considering 28 im-
aging sessions using either XVI-CBCT, OBI-CBCT or MV- CT as imaging
modalities for dose calculations. The results of a head and neck IGRT
treatment are presented in Supplementary Material considering 35 im-
aging sessions.

To calculate the total additional dose, it was assumed that patient
position and anatomy were exactly the same over the whole treatment
course. Computed dose distributions for a single imaging fraction were
multiplied by the total number of acquisitions. Cumulative dose volume
histograms were computed and analysis was performed in terms of
D50% and D10% of the organ volume, for the selected organs at risk.

3. Results
3.1. Dose for a single imaging session

3.1.1. 3D dose distribution for pelvic cases

kV-CBCT delivered the highest dose among the 5 imaging modalities
with a median dose (D50%) of about 15-40 mGy per scan to the bladder,
the rectum and the femoral heads, as reported in Table 2. If dose
deposition was quite homogeneous between soft tissues, the dose
deposition in bony organs was much higher as shown by the dose dis-
tributions for the pelvic region in Fig. 1. This effect is inherent to the use
of medium energy X-ray sources below 300 keV, due to the important
proportion of photoelectric absorption in high Z material. Thus, femoral
heads received a dose around 1.5 higher (up to 53 mGy) than the bladder
and the rectum.

Note that the difference between XVI and OBI dose was mainly due to
the user imaging protocol parameters (higher number of mAs for the XVI
than for the OBI, see Table 1).

Important dose differences have been observed among the pelvis
cohort due to morphological differences if the same protocol was used
for every patient. For example, with the kV-CBCT XVI protocol, the
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Table 1
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Imaging protocols for three anatomical sites and for five imaging systems. Note the specific parameters for MV-CT imaging with the Tomotherapy: p = pitch (cm), L =
acquisition length (cm).

Site Parameters kV-CBCT XVI kV-CBCT OBI MV-CT TomoTherapy =~ 2D-kV CyberKnife =~ 2D-kV ExacTrac
SAD (cm) 100 100 85 220 223
Pelvis kv 120 125 3500 120 120
Filter F1 Half fan / / /
mAs 1690 1080 / 32 51.2
Scan amplitude 360° 360° Helical / /
Field size at SAD (cm x cm) 27.7 x 17.8 30.3 x 20.6 40 x 0.4 14.0 x 22.0 12.9 x 12.9
p=08,L=12
Air Kerma output at SAD (Gy/mAs or *Gy/min)  4.97 x 107° 5.58 x 107° *1.86 x 1072 1.84 x 107° 1.91 x 107°
Head and neck kv 120 100 3500 120 100
Filter F1 Full fan / None None
mAs 264 150 / 20 12.8
Scan amplitude 360° 200° posterior arc ~ Helical / /
Field size at SAD (cm x cm) 27.7 x 27.7 22.2 x 16.6 40 x 0.4 14.0 x 22.0 12.9 x 12.9
p=08,L=25
Air Kerma output at SAD (Gy/mAs or *Gy/min)  5.17 x 107> 3.06 x 107° #1.86 x 1072 1.84 x 107° 1.25 x 107°
Breast kv 120 125 3500 120 120
Filter FO Half fan / None None
mAs 59.2 270 / 20 51.2
Scan amplitude 200° posterior arc 360° Helical / /
Field size at SAD (cm x cm) 27.7 x 27.7 30.3 x 20.6 40 x 0.4 14.0 x 22.0 12.9 x 12.9
p=0.8,L=25
Air Kerma ouput at SAD (Gy/mAs or *Gy/min)  6.99 x 107> 5.58 x 107° *1.86 x 1072 1.84 x 107° 1.91 x 10°°
Table 2

Median dose (D50%) and D10% values for a single imaging session delivered to several organs at risk (OAR) for the three different anatomical sites investigated using 5
different imaging systems and user-defined imaging protocols (see Table 1). The average, the minimum and the maximum dose values over the cohort are given
between brackets for each OAR. For each OAR, the first line is the D50% values and the second line is the D10% values.

Site OAR D50% (mGy)
D10% (mGy)
kV-CBCT XVI kV-CBCT OBI MV-CT TomoTherapy 2D-kV Cyberknife 2D-kV ExacTrac
Pelvis Bladder 27.6 (20.7; 36.3) 17.7 (12.8; 23.3) 13.4 (12.1; 16.2) 0.22 (0.14; 0.33) 0.27 (0.05; 0.47)
34.7 (26.9; 43.8) 20.8 (16.1; 26.2) 15.1 (13.5; 16.2) 0.34 (0.24; 0.48) 0.47 (0.14; 0.69)
Rectum 27.7 (19.0; 33.0) 18.4 (12.5; 22.1) 13.4 (11.9; 14.3) 0.08 (0.04; 0.33) 0.37 (0.28; 0.47)

Head and neck

Breast

32.5 (21.9; 39.6)
42.8 (29.2; 53.1)
68.5 (50.7; 87.5)

Femoral heads

Parotids 9.36 (7.20; 10.4)
10.9 (8.80; 11.8)
Cochlea 20.9 (18.2; 25.7)
23.7 (19.9; 29.3)
Mandible 23.1 (18.0; 25.6)
33.1 (27.4; 37.0)
Heart 1.62 (0.90; 2.30)
2.15 (1.30; 2.90)
Breasts 1.45 (0.80; 2.10)
2.16 (1.20; 2.90)
Lungs 2.33 (1.40; 3.20)

3.08 (1.90; 4.00)

20.4 (14.3; 29.9)
24.1 (16.6; 30.2)
37.3 (28.2; 46.2)

2.07 (0.60; 2.80)
2.64 (1.60; 3.50)
2.54 (0.80; 7.60)
3.02 (1.00; 8.50)
2.67 (1.40; 3.50)
5.61 (3.10; 7.10)

5.53 (3.60; 8.20)
7.41 (5.00; 10.5)
4.65 (2.50; 7.70)
6.18 (3.10; 10.0)
4.75 (2.70; 7.20)
6.39 (3.40; 9.60)

14.7 (12.7;15.6)
13.1 (11.8;14.2)
15.2 (13.6; 16.0)

10.6 (10.1; 11.1)
11.9 (11.5;12.3)
9.40 (8.20; 10.2)
9.97 (8.71; 10.7)
10.3 (9.78; 10.8)
11.6 (11.1;12.0)

15.7 (14.0; 18.0)
17.1 (14.0; 18.0)
16.1 (13.6; 18.5)
18.9 (16.9; 20.9)
15.9 (13.9; 18.2)
17.3 (15.2; 19.7)

0.10 (0.02; 0.16)
0.11 (0.06; 0.16)
0.36 (0.22; 0.45)

0.24 (0.21; 0.27)
0.28 (0.27; 0.32)
0.37 (0.14; 0.59)
0.44 (0.18; 0.68)
0.68 (0.35; 0.86)
0.11 (0.09; 0.13)

0.16 (0.10; 0.23)
0.23 (0.16; 0.31)
0.16 (0.03; 0.34)
0.30 (0.22; 0.45)
0.08 (0.04; 0.15)
0.23 (0.09; 0.34)

0.61 (0.51; 0.79)
0.06 (0.03; 0.10)
0.18 (0.10; 0.31)

0.02 (0.01; 0.05)
0.04 (0.01; 0.07)
0.04 (0.01; 0.10)
0.05 (0.02; 0.11)
0.01 (0.01; 0.02)
0.04 (0.02; 0.07)

0.07 (0.03; 0.13)
0.14 (0.06; 0.23)
0.02 (0.01; 0.03)
0.03 (0.01; 0.08)
0.09 (0.04; 0.18)
0.23 (0.13; 0.35)

rectum median dose was 33 mGy for a 74 kg patient compared to 19
mGy for a 131 kg patient (up to 1.75 times more dose).

The dose deposition with MV-CT imaging was homogeneous due to
its higher energy (3.5 MV) and only raised slightly at beam intersection
due to the helical acquisition mode. For every organ, including bony
structures, the median dose was around 15 mGy per acquisition.

The imaging modalities that delivered the lowest dose were the 2D-
kV systems from CyberKnife and ExacTrac. Indeed, the dose scale for 2D-
kV images was lower than kV-CBCT ones by two orders of magnitude
and a pair of images delivered less than 0.5 mGy to each organ. 2D-kV
consists in two unique projections, thus there was a steep dose fall-off
in the tissues and the highest dose was observed at the beam entrance
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being either anterior in case of CyberKnife system (X-ray tubes at the
ceiling) or posterior in case of ExacTrac system (X-ray tubes in the
ground).

3.1.2. 3D dose distribution for head and neck cases

kV-CBCT and MV-CT acquisitions delivered around 10 mGy to soft
tissues while 2D-kV delivered less than 1 mGy as shown in Table 2 by the
D50% values to the parotids, the cochlea and to the mandible (average
dose of the left and right organs). The dose distribution in the head and
neck region (Fig. 2) revealed that important dose deposition occured in
the bony structures (mandible, vertebra and skull) for kV-CBCT and 2D-
kV modalities and that vertebra acted as a protector for the medulla due
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XVI CBCT OBI CBCT Tomotherapy CT
T @ ik i

ExacTrac 2DkV

Fig. 1. Dose distributions (mGy) for one imaging session in the pelvic region using 5 different imaging systems and user-defined imaging protocols (see Table 1). The
imaging center was central regarding patient anatomy.

XVI CBCT OBI CBCT Tomotherapy CT

CyberKnife 2DkV ExacTrac 2DkV

Fig. 2. Dose distribution (mGy) for one imaging session in the head and neck region using 5 different imaging system and user defined imaging protocols (see
Table 1). The imaging center was central regarding patient anatomy.
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to its high-density composition. The dose has been reduced with user-
optimized protocols as shown by the OBI kV-CBCT protocol that deliv-
ered up to 12 times less dose than the XVI due to the lower charge (mAs)
and the partial posterior acquisition amplitude. Due to lower tube
voltage and charge in the imaging protocol, the 2D-kV ExacTrac
acquisition delivered much less dose than the CyberKnife one.

3.1.3. 3D dose distribution for thoracic cases

The modality that delivered the highest dose was the MV-CT with
around 15 mGy per acquisition for every organ as presented in Table 2
with the D50% values to the heart, the breasts and the lungs (average
dose of the left and right organs). For kV-CBCT modalities, the dose
levels in soft tissue were lower than 10 mGy and reached around 15 mGy
in bones (ribs and vertebra). Depending on the protocol parameters the
dose to organs has been reduced to 3 mGy as for the XVI kV-CBCT with
reduced mAs and a posterior arc that protects the breasts and lungs as
shown in Fig. 3 by the dose distributions in the thoracic region. This
user-optimized protocol (using 59.2 mAs) was mainly used for the
verification of the patient repositioning when a registration was per-
formed on bones. Besides bones, skin dose was also predominant for 2D-
kV images (around 0.6 mGy) while the dose to the heart, breasts and
lungs did not excess 0.3 mGy.

3.2. Cumulative imaging dose for daily IGRT

3.2.1. Imaging dose for prostate IGRT

With daily kV-CBCT the D50% dose value to the bladder and to the
rectum was around 1.10 Gy for a 72 kg patient and was significantly
higher for the femoral heads (D50% of 1.85 Gy) as shown with the D50%
and D10% dose values for each organ at risk in the Supplementary
Table Al. The envelope of the DVH over the cohort illustrated the
important dispersion due to morphology related to the absorption dif-
ference between soft and bony tissues induced by the medium energy
beams (<125 keV) as presented in the Fig. 4 a) with the bladder DVH for

XVI CBCT

OBI CBCT

Physics and Imaging in Radiation Oncology 21 (2022) 108-114

the 15 pelvic patient cohort for daily imaging scenarii. The cumulated
dose due to 400 intra-fraction image pairs with the CyberKnife system
rised to 0.09 Gy (D50% to the bladder) which was close to the dose
delivered by one kV-CBCT acquisition. Daily MV-CT resulted in a
cumulated D50% value of about 0.53 Gy, that varied sparsely with pa-
tient anatomy.

3.2.2. Imaging dose for left breast IGRT

Daily MV-CT resulted in a cumulated D50% value of about 0.45 Gy
for the heart, the lungs and the contralateral breast, that varied sparsely
with patient anatomy as shown by the DVHs for the heart over the 15
breast patient cohort in case of breast simultaneous integrated boost
radiotherapy in 28 sessions and by the D50% and D10% dose values
presented in the Supplementary Table Al.

Performing daily kV-CBCT with a full arc (OBI protocol) resulted in a
D50% cumulated dose to the heart around 0.15 Gy with a maximum of
0.23 Gy for a skinny patient. The D50% values to the contralateral breast
and to the lungs had similar values. Using a posterior semi-arc (XVI
protocol) and a lower charge allowed reducing the dose to the heart and
to the contralateral breast to a maximum of 0.06 Gy and to the lungs to a
maximum of 0.09 Gy.

4. Discussion

2D-kV imaging was by far the modality that delivered the lowest
dose to organs with less than 1 mGy per image pair. There was a steep
dose fall-off in the tissues but the dose absorption was stronger in bony
structure than into soft tissues organs by a factor of 1.7 approximately.

Among 3D modalities, the kV-CBCT delivered higher doses, of about
2-30 mGy per acquisition, depending on the treatment site and the
acquisition parameters. Due to the high energy (3.5 MV), the dose dis-
tributions delivered by the MV-CT were more homogeneous with lower
absorption in the bone but a more important irradiation of the lungs.

The image frequency was of importance and responsible for the

Tomotherapy CT

Fig. 3. Dose distribution (mGy) for one imaging session in the thoracic region using 5 imaging system and user defined imaging protocols (see Table 1). The imaging

center was central regarding patient anatomy.
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Bladder Dose Volume Histogram for 40 imaging sessions

or 5x80 images pairs (CyberKnife only)
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Heart Dose Volume Histogram for 28 imaging sessions
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—— MV-CT, TomoTherapy (user protocol)
—— 2D-kV, CyberKnife (user protocol)

Fig. 4. Envelope dose volume histograms in case of daily IGRT for (a) the bladder in case of normo-fractionated prostate radiotherapy for 3D imaging modalities (40
sessions) and in case of hypo-fractionated radiotherapy performed with 2D-kV stereoscopic imaging (5 sessions) and (b) the heart in case of breast simultaneous
integrated boost radiotherapy (28 sessions). The plain curves represent the average DVH and the filled envelope represents all the DVHs over the patient cohort

delimited by the cohort extreme values.

cumulated dose to organs if daily and/or intra-fraction images were
performed. The AAPM report on image guidance doses (Task Group 180)
defines a dose threshold of 5% of the therapeutic target dose, beyond
which the additional dose due to imaging was considered significant.
The dose distribution over the pelvic cohort showed that daily kV-CBCT
along 40 sessions delivered up to 1.7-3.5 Gy to the bladder/rectum and
the femoral heads respectively, corresponding respectively to 2.1% and
4.3% of a 80 Gy prostate radiotherapy prescription. This dose levels are
in agreement with previous studies [6], and are almost equivalent to an
additional treatment session. The dose level for head and neck and
thoracic region appeared to be lower than 0.4 Gy for daily imaging.
However, the imaging dose should be kept as low as possible by the
optimization of the imaging protocols, as long as image quality provides
sufficient information for the clinical needs. Besides, for a given image
quality, the use of iterative reconstruction algorithms also allows
reducing the number of projections or the mAs levels resulting in a
reduced dose.

Previous studies reported comparable dose for breast IGRT, varying
from 1 to 10 mGy in the heart, breasts and lungs for one kV-CBCT
[6,13,14,15]. In agreement with those studies, the different kV-CBCT
user protocols in the head and neck and thoracic cohorts of our study
showed that reducing the acquisition amplitude from a complete to a
partial rotation combined to a reduced charge allowed to preserve or-
gans (breasts for a thoracic CBCT or eyes for head and neck CBCT in case
of a posterior arc). Besides, positioning the imaging center in the treated
breast contributed to reduce the contralateral breast imaging dose, if
permitted by the mechanical limitations of the treatment unit (collision
risk between the imaging device and the patient immobilization device)
[13].

Protocols should also be adapted to various morphologies [16].
Indeed, the personalized doses from the pelvic cohort stressed the
impact of constant parameters used for radically different corpulence (a
skinny patient will receive around twice more dose than a very corpu-
lent one). The latest recommendations also suggest to reduce as much as
possible the irradiated volume through the field size [6] or by reducing
the CBCT angle.

The 3D patient-specific dose levels presented in this study obtained
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with our MC based software confirmed that in-room imaging dose values
are of importance to initiate their management in clinical practice. The
imaging modality and the image frequency should be chosen wisely
depending on the clinical needs and the protocols parameters should
also be optimized systematically and adapted to morphology. Such
broader imaging dose data collection could impulse the definition of
dose reference levels in IGRT.
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