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Abstract
With cone beam computed tomography (CBCT) in image guided radiation therapy being amongst the most widely used 
imaging modalities, there has been an increasing interest in quantifying the concomitant dose and risk. Whilst there have 
been several studies on this topic, there remains a lack of standardisation and knowledge on dose variations and the impact 
of patient size. Recently, PCXMC (a Monte Carlo simulator) has been used to assess both the concomitant dose and dosi-
metric impact of patient size variations for CBCT. The scopes of these studies, however, have included only a limited range 
of imaging manufacturers, protocols, and patient sizes. An approach using PCXMC and MATLAB was developed to enable 
a generalised method for rapidly quantifying and formulating the concomitant dose as a function of patient size across 
numerous CBCT vendors and protocols. The method was investigated using the Varian on board imaging 1.6 default pelvis 
and pelvis spotlight protocols, for 94 adult and paediatric phantoms over 6 age groups with extensive height and mass vari-
ations. It was found that dose varies significantly with patient size, as much as doubling and halving the average for patients 
of lower and higher mass, respectively. These variations, however, can be formulated and accounted for using the method 
developed, across a wide range of patient sizes for all CBCT vendors and protocols. This will enable the development of a 
comprehensive catalogue to account for concomitant doses in almost any clinically relevant scenario.
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Introduction

In image guided radiation therapy (IGRT) the purpose of 
cone beam computed tomography (CBCT) is to provide an 
image of the patient’s anatomy to be used for correcting 
their positioning prior to, and/or during, treatment delivery 
[1]. This technique has become increasingly important as 
it has enabled safe delivery of highly conformal treatments 
which require accurate patient positioning. As a result, the 
technique has seen rapid growth and is now the standard 
of care, with national surveys in Australia, New Zealand, 
United Kingdom, United States, and France, all listing kilo-
voltage (kV) CBCT as the most widely used image guidance 

modality [2–5]. As CBCT usage became routine, concern 
regarding the concomitant dose soon amounted [6]. Numer-
ous studies have since been published examining concomi-
tant dose, in addition to guidelines for the commissioning, 
management, quality assurance, and safe usage of CBCT 
[7–14]. Within this body of works, it was shown that the 
imaging dose is not only significant, but can vary greatly 
with patient size [9]. The American Association of Physi-
cists in Medicine (AAPM) Task Group (TG) 180 indicated 
that a single kV CBCT can deliver between 10 and 90 mGy 
to tissue and 60–290 mGy to bones, depending upon the 
patient’s size [9]. For a treatment containing 35 fractions 
with daily CBCT, this could result in a significant accumu-
lative dose of up to 3 Gy and 10 Gy delivered to tissue and 
bone, respectively [9]. The primary concern with concomi-
tant doses of this magnitude is both the increase in cancer 
effects and the possibility of tissue effects in nearby organs 
at risk where planned doses may already be approaching 
their threshold. It should be noted, however, that these fig-
ures are representative of an earlier version of the Varian 
on board imaging (OBI) (v1.3) and have since reduced in 
newer versions [9].
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Whilst the dose delivered from image guidance is gener-
ally considered justifiable within radiation therapy, there is a 
clear need for quantification to enable evidence-based deci-
sion making. Several methods to estimate the dose have been 
used including Monte Carlo (MC) techniques (in treatment 
planning systems or other toolkits e.g. Geant4 or EGSnrc), 
and measurements with cylindrical phantoms [6]. MC meth-
ods can provide individualised patient dose estimates; how-
ever, they require significant expertise and time to set-up. 
They may also require proprietary information regarding the 
X-ray tube designs from the vendor which may not be availa-
ble. Additionally, methods using computed tomography dose 
index (CTDI) phantoms have low collection efficiency and 
so require 2 or more phantoms to sufficiently capture entire 
dose profile, which is generally not feasible in most depart-
ments [15]. Moreover, methods using CTDI phantoms do 
not provide individualised patient doses, although size-based 
corrections could be applied as per AAPM TG 204 [16].

Recently, there have been a few studies that calculate 
CBCT doses using PCXMC [17–20]. PCXMC is a cost 
effective and relatively easy to use tool, which allows 
patient-like doses to be simulated on an intersex anthropo-
morphic mathematical phantom. The phantom can also be 
scaled to represent a wide range of patient sizes and ages. As 
PCXMC is designed for diagnostic X-rays, previous studies 
utilising it have developed methods that allow it to estimate 
CBCT doses, however, there are two main limitations with 
these approaches [17–20]. Firstly, the requirements for an 
accurate simulation have not been investigated, and sec-
ondly, existing approaches either sacrifice accurate repre-
sentation of the CBCT, or are time consuming and difficult 
to apply in a wide array of scenarios. The first approach 
was by Alvarado et al., whereby the CBCT output with a 
full bowtie filter was approximated by measuring the output 
at isocentre and taking this value to be constant across the 
field, neglecting the non-uniformity [17]. A second approach 
was investigated by Wood et al. whereby the CBCT output 
with a half bowtie filter was measured in the direction of the 
gradient and divided into 4 constant fields to represent the 
non-uniformity [19]. Lastly, the most recent approach was 
by Rampado et al., whereby the CBCT output with a full 
bowtie filter was represented as two numerically weighted 
and superimposed fields; one narrow field to represent the 
central region, and a wider field to represent the peripheral 
[20]. In each case, the authors simulated the fields at a dis-
crete set of gantry angles and the results were summed to 
represent rotation about the patient. Of the three approaches, 
the method of Alvarado et al. requires the least physical 
measurements, is easiest to implement in PCXMC, and is 
the least computationally demanding [17]. It, does, how-
ever achieve this at the expense of accurate representation 
of the CBCT output. In contrast, the method of Wood et al. 
most accurately represents the CBCT output but requires the 

most physical measurements and may require calculations 
to manipulate the input to suit PCXMC [19]. This renders 
it cumbersome to use in a wide array of scenarios, whilst 
also being the most computationally demanding. Lastly, 
the method of Rampado et al. is a compromise, with accu-
racy, ease of use, and computational demand somewhere in 
between the former two methods [20].

Given the limitations in existing approaches using 
PCXMC, this study develops a method based upon that of 
Wood et al., by utilising an automated approach in MAT-
LAB and quantifying the requirements for a precise simula-
tion [19]. The automated approach enables PCXMC input 
data to be generated rapidly to allow various scenarios to be 
simulated easily without sacrificing accuracy. This method 
was investigated using the Varian OBI v1.6 default pelvis 
and pelvis spotlight protocols, for 94 adult and paediatric 
phantoms over 6 age groups with a range of heights and 
weights. The aim of this work was to develop the methodol-
ogy by which a comprehensive set of CBCT doses could 
be created for any CBCT technique representing a range of 
patient sizes. This could be used by professionals in radia-
tion therapy to justify concomitant doses, optimise imaging 
protocols, and for those considering risks associated with 
the additional imaging dose associated with clinical trials.

Method

Equipment

PCXMC 2.0

PCXMC is a MC program for simulating X-ray examina-
tions that was developed and made available by the radiation 
and nuclear safety authority of Finland (STUK) [21, 22]. 
The program uses a mathematical phantom that is adjustable 
by age, height and mass [21]. The phantom is intersex and 
representative of both male and female anatomy, providing 
absorbed dose estimates to 29 organs and tissues, in addi-
tion to the effective dose and BEIR VII risk estimates [21].

Within this study the phantom was adjusted to cover a 
comprehensive range of typical patients across 6 age groups. 
This included 49 adult and 45 paediatric patients, with size 
variations including the average, maximum and minimum of 
population height and mass from national Australian surveys 
in 1995 and 2007 [23, 24]. Additionally, four extra points 
were taken for the adult group to include standard deviations 
of one and two from the mean in both directions. The phan-
tom ages and sizes are summarised in Table 1.

PCXMC requires the user to define the field-size, dis-
tance to isocentre (or surface), anode material, anode angle 
(degrees), total filtration [half value layer in mm of alumin-
ium (HVL mm Al)], a dose quantity, and the number of 
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photons to be simulated and their maximum energy (keV). 
The dose quantity can be specified as air kerma (mGy), 
dose-area product  (mGycm2), exposure (mR), exposure-area 
product  (Rcm2), or current–time product (mAs). PCXMC 
assumes any dose quantity to be constant across the radia-
tion field, hence the need for a work-around to enable it to 
estimate CBCT doses. In this study, the anode was tungsten 
with an angle of 14° as per the OBI kV source unit speci-
fications. Additionally, in PCXMC the max photon energy 
was 150 keV (default) and the number of simulated photons 
was 20,000 (default) [25]. The remaining parameters were 
chosen to reflect the CBCT used, as per Table 2.

Varian OBI 1.6

The CBCT used within this study is the Varian OBI 1.6 
attached to the Clinac linear accelerator. The protocols used 
within this study were the default pelvis and pelvis spotlight, 
the details of which are summarised in Table 2. The pelvis 
protocol acquires the CBCT over a complete rotation using a 
half-fan that covers half of the abdomen [25]. In contrast, the 
pelvis spotlight protocol acquires the CBCT over a partial 
arc using a full-fan with a reduced field of view (FOV) in 
order to reduce dose [25]. The pelvis protocol was used to 
assess the requirements for a precise simulation, whilst the 

pelvis spotlight protocol was used for assessing and model-
ling patient dose as a function of patient size, air kerma and 
beam quality. In addition, as previously mentioned the anode 
in the OBI is tungsten, with an angle of 14°.

Unfors raysafe R/F detector

The Unfors 8202031-J R/F detector (Raysafe, Uggledal, 
Sweden) was used to acquire all physical measurements. 
This detector was calibrated within the previous year and is 
traceable to the SP Technical Institute of Sweden. The man-
ufacturer specifications are ± 5% for air kerma and ± 10% for 
filtration (mm Al).

CBCT output characterisation

The CBCT was characterised by measuring lateral profiles 
(in the direction of change with the bowtie filters) of total 
filtration (mm Al) and air kerma per projection (mGy) using 
the Unfors R/F detector. Measurements were performed for 
the pelvis spotlight protocol (full fan, half bow-tie filter) 
with profile data from Wood et al. being used for the pelvis 
protocol (half fan, half bow-tie filter) [19]. This data was 
adopted as the CBCT and imaging protocols used by Wood 
et al. are the same as in this study, and remeasuring exist-
ing data was not necessary for the purposes of developing a 
proof of concept [19]. Measurements were performed using 
fluoroscopic mode at a fixed gantry angle with exposure 
parameters set as described in Table 2. The detector was 
held by a retort stand placed in the centre of the treatment 
couch positioned 100 cm from the kV source and orientated 
such that its length ran perpendicular to anode-heel effect 
and the bowtie filter direction. The detector was initially 
placed at isocentre then stepped laterally through the field, 
with measurements obtained with 200 pulses per position, as 
to minimise statistical uncertainty. To convert the measured 
beam quality (HVL mm Al) to total filtration (as required by 
PCXMC) the online Siemens tool for X-ray spectra simu-
lation available at was used [26]. The tool allowed X-ray 
spectra to be simulated and the beam quality estimated for 
a user defined anode, kVp, and total filtration. By running 
repeated simulations and varying the total filtration, the out-
put beam quality can be plotted as a function of the input 
total filtration. This allowed equations to be fit that convert 
beam quality to total filtration for 125kVp with a tungsten 
anode at an angle of 14°.

PCXMC input with MATLAB

A MATLAB script was used to generate input data to 
PCXMC for any user defined profiles, projections, rota-
tions, phantom sizes, field sizes, and with isocentre at any 
point within the phantom. The first step accounts for the 

Table 1  PCXMC phantom parameters

Age (years) Total Height (cm) Mass (kg)

0 9 46, 50, 54 2.5, 3.5, 4.5
1 9 69, 75, 80 7, 9, 12
5 9 106, 120, 133 18, 24, 32
10 9 135, 150, 165 30, 45, 61
15 9 158, 169, 181 48, 63, 80
18 + 45 135, 154, 161, 168, 

175, 182, 201
32, 48, 61, 

75, 88, 102, 
140

Table 2  Varian OBI 1.6 default pelvis and pelvis spotlight protocol 
parameters [25]

Pelvis Pelvis spotlight

Tube voltage (kVp) 125 125
Tube current (mA) 80 80
Pulse width (ms) 13 25
Projections 655 360
mAs per projection 1.04 2
Gantry rotation 360 200
Fan mode Half Full
Bowtie filter Half Half
CTDIw (mGy/100mAs) 2.6 3.4
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non-uniformity of the CBCT field, which PCXMC does not 
simulate by default. The method utilises a discrete integra-
tion, whereby the script divides the field into a series of 
equally sized narrow sub-fields as depicted in Fig. 1. Each 
sub-field is then independently simulated in PCXMC, and 
the sum of results yields a total dose estimate. Each of these 
sub-fields are represented by a 3D coordinate and five sca-
lars. The 3D coordinate represents the position of the field 
on the phantom, where the coordinate is at the geometric 
centre the field. The 5 scalars include the distance to the 
coordinate from the source of radiation, the field size (∆X 
and ∆Y), the total filtration, and the air kerma. In effect, the 
way PCXMC is simulating the off-axis fields is by moving 
the position of the source such that the centre of the defined 
field is aligned with the central axis of the source at the 
defined distance. The values for total filtration and air kerma 
are then derived from the measured profiles based on the 
sub-fields position. Additionally, each coordinate was taken 
to have the same distance of 100 cm from the source. This 
approach yields source offsets which are always in the same 
plane, normal to the central axis and parallel to the defined 
field size. Whilst simple, this does result in an error due 
to the inverse square law (ISL), which is discussed further 
in the uncertainty section below. To allow for gantry rota-
tion, the coordinates are rotated in the transverse plane by 
a 2D rotational matrix, as to obtain coordinates for all user 
defined projection angles. To reduce simulation run-time the 
PCXMC calculations were approximated by reducing the 
number of projections and scaling the air kerma per projec-
tion as to maintain a constant total air-kerma for the scan.

Additionally, PCXMC does not allow the central coor-
dinate of a sub-field to be defined outside of the phantom 
surface. This is primarily a problem for the lateral coordi-
nates that tend to fall outside the phantom surface as the 
field is rotated about the patient. In a study by Wood et al., it 
appears the authors had chosen to manually remove the coor-
dinates where this was a problem [19]. However, a method to 
allow for automated simulation of a wide array of scenarios 
required a different approach. As such, an algorithm was 

developed within MATLAB that checks if a coordinate and 
the entirety of its field are outside of the phantom, removing 
them if so. However, if a coordinate has fallen outside of the 
phantom but some of the field remains within, that coordi-
nate is moved to the surface, with field width reduced and 
the field data resampled. This process is depicted in Fig. 1.

This process was developed to work for the head and 
torso cross sections of any phantom in PCXMC, as depicted 
in Fig. 2. The torso cross section was modelled as an ellipse, 
whilst the head was modelled as two ellipses with distinct 
radii, one above the y-axis and one below. The dimensions 
of these were manually recorded from PCXMC and are 
used by the script to adjust the sub-fields for each phantom 
uniquely. Moreover, as the PCXMC coordinates of a given 
organ change with patient size, the geometric centre for each 
organ of interest was uniquely recorded for each phantom 
size considered, as to ensure accurate field positioning.

As an example, Fig. 3 illustrates the capacity of the script 
to handle various user defined scenarios. In Fig. 3, the thick 
incomplete concentric circles (red) are the traced position of 
each sub-fields coordinate as it is rotated about the phantom, 
the thin incomplete concentric circles (blue) are the traced 
position of the boundary between adjacent sub-fields, and the 
complete elliptical outline (black) represents the surface of 
the phantom cross section as in Fig. 2. The example depicts 
the coordinates for a half-fan CBCT scan that is off-centre 
on an adult’s torso. The field is divided into 4 unevenly sized 
sub-fields for 250 projections over a 250° rotation. The left 
image shows the coordinates before correction, whilst the 
right image shows the coordinates after correction.

(b)(a)

Fig. 1  MATLAB script coordinate correction process. a Coordinates prior to correction. b Coordinates following correction

Fig. 2  PCXMC phantom cross sections. a Transverse head slice. b 
Transverse torso slice
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Dose as a function of patient size, beam quality and air 
kerma

The effective dose and absorbed doses to each of the 29 
organs from the pelvis spotlight protocol were obtained 
in PCXMC for all phantoms outlined in Table 1. The scan 
acquisition parameters as provided by Varian were used in 
each case, except for field size, which was adjusted to pro-
vide the same internal view for each age group, as it does 
for adults. The adjusted field sizes for each age group are 
given in Table 3. In all cases the phantom was positioned 
with the isocentre geometrically centred within the pros-
tate as per a standard prostate examination. The number of 
sub-fields and projections used were 15 and 8, respectively. 
These parameters were chosen as they yielded a convergence 
within 1.5% of the baseline and a moving standard devia-
tion within 1%, as discussed in the Simulation Uncertainty 
section of the Results.

To explore modelling the resulting doses, two models 
were used. The first models doses as a function of equivalent 
diameter, where equivalent diameter is given by Eq. 1 as per 
AAPM TG 204 [16].

However, while this model accounts for patient size and 
yields simulated doses that are likely a reasonable estimate 
for most similarly performing CBCTs, significant differences 
could arise for CBCTs that have notable variations in beam 
quality, air kerma, or scan acquisition parameters.

To develop a model that accounts for air kerma, beam 
quality, patient height and patient mass, all simulations were 
repeated with beam quality varying from 3.5 mm Al to 9 mm 
Al in steps of 0.5 mm Al. Firstly, given that dose is propor-
tional to air-kerma, variations can be accounted for as per 
Eq. 2, where K0 and K are the reference and field air kerma 
(defined at isocentre), Q0 and Q are the reference and field 
beam quality (defined at isocentre), h is the patient’s height, 
and m is the patient’s mass. Additionally, E(K0,Q0, h,m) is 
the average absorbed or effective dose for the reference air 
kerma, while E(K,Q, h,m) is the adjusted average absorbed 
or effective dose for the field air kerma.

Secondly, the relationship between average dose and 
beam quality can be modelled as logarithmic as per Fig. 4. 
However, the constants depend on the patient’s size, as also 
seen in Fig. 4. To account for patient size dependence, the 
curve fit for each patient size can be normalised by the dose 
at the reference beam quality. This produces an almost equal 
result for phantoms of all sizes within a given age group, as 
per Fig. 5. The overall relationship between average dose, 
beam quality and air kerma is therefore defined by Eq. 3, 
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√
Width × Depth

(2)
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Fig. 3  Example of the MATLAB coordinate correction for an off-centre half-fan CBCT of a torso cross-section. The field is divided into 4 
uneven sub-fields, with 250 projections taken over a 250° rotation. a Original fields prior to correction. b Amended fields following correction

Table 3  Field size specifications 
by age

Age group ΔX ΔY

18 + 26.4 19.98
15 23 17
10 19 14.5
5 15.5 11.5
1 12 9
0 9 6
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where a and b are constants found by fitting the logarithmic 
function to the normalised dose curves.

The dependency on constants in Eq. 3 can partially be 
reduced by noting that as per normalisation conditions:

Therefore, substituting b from Eq. 4 into Eq. 3, yields the 
simplified result in Eq. 5:

(3)
E (K, Q, h, m)

E (K0, Q0, h, m)
=

K

K0

[a ⋅ ln(Q) + b]

(4)a ⋅ ln
(
Q0

)
+ b = 1

(5)
E(K, Q, h, m)

E(K0, Q0, h, m)
=

K

K0

[
a ⋅ ln

(
Q

Q0

)
+ 1

]

Simulation uncertainty

To quantify the requirements for a precise simulation, a 
baseline was first established using the pelvis protocol, with 
data utilised from Wood et al. [19]. A simulation was run 
with the field divided into 112 sub-fields, each simulated in 
3° intervals over 360° (120 projections each). This resulted 
in over 13,000 narrow beams to be simulated with a run-time 
of over 24 h. The phantom size was chosen to represent an 
average adult male with a height and mass of 175 cm and 
75 kg, respectively.

To assess the precision as a function of the number of 
sub-fields and projections used, 120 more simulations were 
run whilst varying simulation parameters. First, simulations 
were repeated with a fixed number of sub-fields (3, 6, and 
30) whilst increasing the number of projections in steps of 1, 
from 1 to 20. The same process was then repeated, this time 
with a fixed number of projections (8, 16, and 32) whilst 
increasing the number of sub-fields in steps of 1, from 1 to 

Fig. 4  Effective dose from the 
pelvis protocol as a function of 
beam quality for several adult 
phantoms depicting the height/
mass dependence

Fig. 5  Normalised effective 
dose from the pelvis protocol as 
a function of beam quality for 
several adult phantoms
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20. The results were then normalised to the baseline and a 
moving standard deviation computed (window size of 5). As 
the neighbours of a given point exhibit fluctuations relative 
to the central point, a moving standard deviation was used to 
allow the level of convergence to be quantitatively assessed. 
This ensured that not only is the chosen point sufficiently 
close to the baseline but was also selected in a region that 
had consistently converged to that baseline.

To then estimate the combined uncertainty in dose, Eq. 5 
is first rearranged to give an adjusted dose estimate as:

where

The fractional uncertainties in the simulated dose, air 
kerma measurement and filtration measurement can then be 
added in quadrature:

The first term of Eq. 9 accounts for the uncertainty in MC 
as quoted by PCXMC ( ePCXMC ), the uncertainty introduced 
by simplifying the field into a discrete number of projections 
( eproj ), and the uncertainty due to a lack of off-axis distance 
corrections ( edist) . The first term of Eq. 9 can be written as:

e2
PCXMC

 is quoted by PCXMC post-simulation, and 
e2
simplification

 is to be determined following assessment of the 
requirements for simulation precision as described above. 
edist was estimated as the maximum absolute percentage dif-
ference between ISL corrections for the patient with the larg-
est equivalent diameter when using source to coordinate 
distances of 100 cm and a corrected value. The estimates are 
conservative as the patient with the largest equivalent diam-
eter is used with values calculated at the most distal points 
of the most off axis field possible. The patient with the larg-
est effective diameter has a width of 54.68 cm and a depth 
of 31.30 cm. For a gantry angle of 0°, the most off axis field 
possible is displaced laterally from the patient’s centre by 
half the patient’s width (27.34 cm), which has a source to 
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dist

coordinate distance of 103.67 cm. The most distal points 
relative to this field lie anteriorly or posteriorly at half the 
patient’s depth (15.65 cm). Whilst these points do lie outside 
of the patient, they provide a conservative estimate of the 
worst-case-scenario. In this scenario, the maximum absolute 
percentage difference between ISL corrections for source to 
coordinate distances of 100 cm and 103.67 cm was 1.3%. 
Additionally, this calculation was repeated for a gantry angle 
of 90°, yielding a maximum absolute percentage difference 
of 0.9%. As such, edist was taken to be 1.3%.

The second and third terms of Eq. 9 account for uncer-
tainty in the measured air kerma and filtration, respectively. 
The Unfors has a quoted uncertainty of 5% and 10% when 
measuring air kerma and filtration, respectively. In addition, 
positional uncertainty during measurement will also con-
tribute to uncertainty in air kerma due to the ISL. Taking a 
conservative assumption that the error in vertical position 
and off-axis position are both ± 0.5 cm, the maximum ISL 
correction for the most off-axis point measured (14 cm) is 
1.1%. Adding the uncertainties for air kerma in quadrature, 
the fractional uncertainties for air kerma and filtration are 
given by:

ΔK
�

|K� | = 0.051 , ΔQ
�

|Q� | = a 0.1, where the value of a is taken 
as the value determined when fitting the logarithmic equa-
tion, where available. To estimate uncertainty in cases where 
a was not determined, a conservative estimate of a = 1 was 
used. This value was considered conservative as it is consid-
erably larger than the value determined in other cases.

Results

CBCT output characterisation

The HVL and air kerma for the pelvis spotlight protocol 
at isocentre for a single projection were measured to be 
5.99 ± 10% mm Al and 0.113 ± 5.1% mGy/mAs, respec-
tively. The measured HVL at isocentre was consistent with 
the average of previously published values for a pelvis spot-
light [27–32]. The measured profiles of total filtration and 
air kerma are depicted in Fig. 6a, whilst Fig. 6b depicts the 
equations used to convert HVL (mm Al) to total filtration 
(mm Al). The profiles for the pelvis protocol are not shown 
as they were adopted from a paper by Wood et al. [19].
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Simulation uncertainty

The effective dose (normalised to the baseline) as a function 
of the number of projections and sub-fields for the pelvis 
protocol are given in Figs. 7a and 8a, respectively. Addi-
tionally, the moving standard deviation with a window size 
of 5 for the effective dose as a function of the number of 
projections and sub-fields for the pelvis protocol are given 

in Figs. 7b and 8b, respectively. Within these figures the 
number of sub-fields or projections required to achieve a 
given percentage of precision is indicated by a vertical line.

In this study, 15 sub-fields and 8 projections were used 
for a full-fan CBCT, while 8 sub-fields and 8 projections 
were used for a half-fan CBCT. These parameters were 
chosen were the minimum for which the average effective 
dose converged within 1.5% of baseline with a moving 

(b)(a)

Fig. 6  a Pelvis spotlight total filtration (mm Al) and air kerma (mGy/mAs) profiles. b Plot of the equations to convert HVL to total filtration for 
100 kVp, 110 kVp and 125 kVp

(b)(a)

Fig. 7  a Deviation from baseline of effective dose as a function of the number of projections for a default prostate protocol. b The moving stand-
ard deviation using a window size of 5 in the normalised effective dose as a function of the number of projections for a default pelvis protocol

(b)(a)

Fig. 8  a Deviation from baseline of effective dose as a function of the number of sub-fields for a default prostate protocol. b The moving stand-
ard deviation using a window size of 5 in the normalised effective dose as a function of the number of sub-fields for a default pelvis protocol
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Table 4  Effective dose (mSv) 
from pelvis spotlight protocol 
for adults aged 18 + years

Height (cm)

135 154 161 168 175 182 201

Mass (kg) 32 6.4 ± 0.6 5.8 ± 0.6 5.7 ± 0.6 5.6 ± 0.6 5.4 ± 0.5 5.3 ± 0.5 5.2 ± 0.5
48 4.9 ± 0.5 4.6 ± 0.5 4.5 ± 0.5 4.5 ± 0.4 4.4 ± 0.4 4.4 ± 0.4 4.3 ± 0.4
61 4.0 ± 0.4 3.8 ± 0.4 3.8 ± 0.4 3.8 ± 0.4 3.7 ± 0.4 3.7 ± 0.4 3.7 ± 0.4
75 3.3 ± 0.3 3.2 ± 0.3 3.2 ± 0.3 3.2 ± 0.3 3.2 ± 0.3 3.2 ± 0.3 3.2 ± 0.3
88 2.8 ± 0.3 2.8 ± 0.3 2.8 ± 0.3 2.8 ± 0.3 2.8 ± 0.3 2.8 ± 0.3 2.8 ± 0.3

102 2.4 ± 0.2 2.4 ± 0.2 2.4 ± 0.2 2.4 ± 0.2 2.4 ± 0.2 2.4 ± 0.2 2.4 ± 0.2
140 1.6 ± 0.2 1.6 ± 0.2 1.7 ± 0.2 1.7 ± 0.2 1.7 ± 0.2 1.7 ± 0.2 1.8 ± 0.2

Table 5  Absorbed prostate dose 
(mGy) from pelvis spotlight 
protocol for adults aged 
18 + years

Height (cm)

135 154 161 168 175 182 201

Mass (kg) 32 29.0 ± 3.2 32.2 ± 3.5 32.5 ± 3.5 33.9 ± 3.7 34.3 ± 3.7 34.5 ± 3.7 36.8 ± 3.9
48 21.4 ± 2.4 23.8 ± 2.6 24.8 ± 2.7 25.7 ± 2.8 26.7 ± 2.9 27.3 ± 2.9 29.4 ± 3.1
61 16.7 ± 1.9 19.1 ± 2.1 20.1 ± 2.2 21.0 ± 2.3 21.7 ± 2.4 22.4 ± 2.4 24.4 ± 2.6
75 13.5 ± 1.5 15.6 ± 1.7 16.4 ± 1.8 17.2 ± 1.9 17.9 ± 2.0 18.6 ± 2.0 20.6 ± 2.2
88 11.2 ± 1.3 13.1 ± 1.5 13.7 ± 1.5 14.3 ± 1.6 15.1 ± 1.7 15.8 ± 1.7 17.5 ± 1.9

102 9.3 ± 1.1 10.9 ± 1.2 11.5 ± 1.3 12.1 ± 1.3 12.9 ± 1.4 13.4 ± 1.5 14.9 ± 1.6
140 5.9 ± 0.7 7.1 ± 0.8 7.6 ± 0.9 8.0 ± 0.9 8.5 ± 0.9 9.0 ± 1.0 10.2 ± 1.1

Table 6  Effective (mSv) and absorbed organ (mGy) doses from pelvis spotlight across various age groups

Age group Effective dose (mSv) Absorbed dose (mGy)

ICRP103 Prostate Bladder Testes Uterus Ovaries Colon

18 + Min 1.6 ± 0.2 5.9 ± 0.7 5.2 ± 0.5 4.3 ± 0.4 4.1 ± 0.4 3.4 ± 0.5 3.8 ± 0.4
Av 3.4 ± 0.3 18.8 ± 2.1 16.4 ± 1.7 12.8 ± 1.3 10.3 ± 1.1 8.4 ± 1.1 7.9 ± 0.8
Max 6.4 ± 0.6 36.8 ± 3.9 31.8 ± 3.2 25.0 ± 2.6 25.6 ± 2.6 23.8 ± 3.0 14.0 ± 1.4

15 Min 2.8 ± 0.3 13.2 ± 1.9 11.9 ± 1.4 10.9 ± 1.3 6.6 ± 0.8 5.6 ± 0.9 6.3 ± 0.7
Av 3.5 ± 0.4 18.8 ± 2.6 16.7 ± 2.0 14.6 ± 1.8 8.9 ± 1.0 7.3 ± 1.1 7.8 ± 0.9
Max 4.2 ± 0.5 25.1 ± 3.4 21.8 ± 2.6 18.2 ± 2.2 12.3 ± 1.4 9.6 ± 1.5 9.5 ± 1.1

10 Min 2.9 ± 0.3 13.4 ± 2.0 12.7 ± 1.5 12.0 ± 1.7 6.7 ± 1.0 5.7 ± 0.9 6.7 ± 0.8
Av 3.9 ± 0.4 21.9 ± 3.2 19.7 ± 2.3 17.9 ± 2.5 9.7 ± 1.4 8.2 ± 1.3 8.8 ± 1.0
Max 5.0 ± 0.6 31.8 ± 4.6 27.7 ± 3.2 24.1 ± 3.4 15.2 ± 2.1 12.0 ± 1.8 11.3 ± 1.3

5 Min 3.8 ± 0.4 19.8 ± 2.8 17.6 ± 2.0 17.3 ± 2.3 8.2 ± 1.2 6.9 ± 1.1 8.6 ± 1.0
Av 4.6 ± 0.5 28.0 ± 3.9 24.5 ± 2.8 23.4 ± 3.1 10.8 ± 1.6 9.2 ± 1.5 10.4 ± 1.2
Max 5.5 ± 0.6 37.3 ± 5.1 31.2 ± 3.6 29.5 ± 3.9 15.3 ± 2.1 12.7 ± 2.0 12.6 ± 1.4

1 Min 5.3 ± 0.6 28.6 ± 3.8 26.3 ± 3.1 27.4 ± 3.5 11.3 ± 1.6 9.7 ± 1.7 11.7 ± 1.3
Av 6.1 ± 0.7 35.5 ± 4.7 32.6 ± 3.8 33.5 ± 4.3 14.8 ± 2.1 11.9 ± 2.1 13.6 ± 1.6
Max 7.0 ± 0.8 42.6 ± 5.6 38.8 ± 4.5 38.9 ± 5.0 21.6 ± 3.0 14.9 ± 2.7 15.7 ± 1.8

0 Min 6.2 ± 0.7 34.7 ± 4.3 33.2 ± 3.9 36.0 ± 4.4 11.2 ± 1.4 9.6 ± 1.8 13.8 ± 1.6
Av 7.1 ± 0.8 42.9 ± 5.3 39.9 ± 4.7 42.7 ± 5.2 13.9 ± 1.7 11.2 ± 2.1 15.6 ± 1.8
Max 8.1 ± 0.9 51.1 ± 6.3 46.9 ± 5.5 49.7 ± 6.1 19.1 ± 2.3 13.9 ± 2.7 17.8 ± 2.1
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standard deviation less than 1%. For the full fan the num-
ber of sub-fields was increased to 15 to account for the 
increased width of the field whilst maintaining the same 
sub-field spacing. The larger of these two values (1.5%) is 
taken as e2

simplification
 for the purposes of calculating com-

bined uncertainty in dose.

Dose as a function of patient size, beam quality 
and air kerma

The effective dose and absorbed prostate dose from the 
pelvis spotlight protocol for the 49 adult phantoms is 
summarised in Tables 4 and 5, respectively. Table 6 also 
lists the minimum, average and maximum doses recorded 
across age groups for the pelvis spotlight. Additionally, 
the absorbed dose to the prostate and small intestine as a 

function of equivalent diameter are given in Figs. 9 and 
10, respectively.

Based on the simulated data, the constants required by 
Eq. 5 for the pelvic spotlight were found to be:

It should be noted that these values are only appropriate 
for the adult age group (18 + years). This is as variations 
in beam quality following normalisation are too signifi-
cant across age groups, and unique factors are required for 
each. It is, however, still possible to apply the simplified 
relationship in Eq. 2, provided beam quality does not vary 
significantly from the reference conditions.

a = 0.820, K0 = 0.113
mGy

mAs
± 5.1%, Q0 = 5.99mmAl ± 10%

Fig. 9  Absorbed prostate dose 
(mGy) from the default pelvis 
spotlight protocol as a func-
tion of equivalent diameter 
for 49 adult and 45 paediatric 
phantoms

Fig. 10  Absorbed small intes-
tine dose (mGy) from the pelvis 
spotlight protocol as a function 
of equivalent diameter for 49 
adult phantoms with height/
mass dependency illustrated
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Discussion

Simulation uncertainty

When assessing simulation precision as a function of the 
number of projections and sub-fields for the pelvis proto-
col, Figs. 7 and 8 indicate that the minimum number of 
projections and sub-fields that could reasonably be used 
for a 360° half fan scan is 4 and 6, respectively. These 
parameters result in convergence to baseline within 2%, 
with a moving standard deviation within 2.5%. It could 
be argued that Figs. 7 and 8 indicate 2 sub-fields and 6 
projections to be acceptable, as they yield convergence to 
baseline within 3%. However, the moving standard devia-
tion at this point is still quite high, and so the minimum 
recommendation is 4 sub-fields and 6 projections. This 
results in 24 narrow beams to be simulated, which with 
the system utilised; a Microsoft Windows 10 Home edition 
(64-bit), with an Intel Core i9-6700 T CPU @ 2.80 GHz 
and 8 GB RAM; has an average run-time of 2.7 min. To 
obtain a result of higher precision requires the number of 
sub-fields and projections for a half fan scan both to be 8. 
This is consistent with a convergence to baseline within 
1.5% and a moving standard deviation within 1%, with an 
approximate run-time of 7.2 min. If further precision was 
desired, the sub-fields and projections can be increased to 
13 and 11, respectively. This yields convergence to base-
line within 1% and a moving standard deviation within 
0.5%. However, over the range considered (1 to 20) fur-
ther increases offer no significant gains in precision, whilst 
significantly increasing run time. The recommendations 
resulting from this study are summarised in Table 7. As 
per Table 7, the minimum number of sub-fields and pro-
jections recommended for a half fan would be 4 and 6, 
respectively. This validates the original method used by 
Wood et al. where the authors used 4 sub-fields and 8 
projections. In the case of a full fan acquisition mode, it 
was assumed that to maintain the same degree of precision 
would require 2n − 1 sub-fields, where n is the number of 
sub-fields used for the half fan mode. The reasoning here 
is that if n sub-fields are required for a given precision 
over the gradient induced by a half-bowtie filter, 2n − 1 are 

required over the full bowtie gradient. This maintains the 
same resolution of sampling, assuming the central point 
is shared.

Generally, the largest source of uncertainty is associated 
with the use of the Unfors detector for measuring filtration 
and beam quality, contributing 10% and 5.1% respectively. 
When all known uncertainties are substituted into Eq. 9, 
the minimum, average and maximum uncertainties for dose 
estimates for adults were approximately 9.9%, 10.8% and 
14.3%, respectively. Additionally, the minimum, average and 
maximum values of uncertainty from the MC ( ePCXMC ) were 
approximately 2.0%, 4.6% and 10.5%, respectively. Across 
all the remaining age groups, the minimum, average and 
maximum uncertainties in doses were approximately 11.4%, 
12.4% and 19.3%, respectively. Additionally, across all the 
remaining age groups, the minimum, average and maximum 
values of uncertainty from the MC ( ePCXMC ) were approxi-
mately 2.0%, 5.1% and 15.6%, respectively. It is worth not-
ing that in most cases, the higher uncertainties in the MC 
( ePCXMC ) are associated with ovarian dose estimates, and 
that in general, uncertainty increases as both patient age and 
equivalent diameter decrease.

There are potential refinements in the method described 
here that are worthy of further investigation. Firstly, only 
evenly spaced sub-fields were considered, rather than using 
sparsely spaced sub-fields to increase resolution where there 
is highest gradient in the fluence profile, as was done by 
Wood et al. [19]. A possible solution would be to computa-
tionally allocate sub-fields based on the 1st and 2nd deriva-
tives, such that divisions are allocated with emphasis on the 
high gradient and non-linear regions. This could have the 
possibility of offering a further reduction in run-time, or 
more accurate representation of the CBCT field. Secondly, 
precision was only assessed directly with the half fan mode, 
whilst values for full fan mode were assumed to be 2n − 1 . 
Thirdly, the uncertainty arising from a lack of ISL correc-
tions could easily be resolved via simple application of 
Pythagoras. This however will not account for the fact that it 
is not possible for PCXMC to truly simulate the divergency 
of the CBCT. Additionally, these values were only assessed 
for a single imaging mode (default pelvis). As such, further 
study would be warranted to validate the assumptions, using 
both fan modes and across various imaging protocols. Addi-
tionally, future works would be warranted to validate the cal-
culations by measurement in an anthropomorphic phantom. 
However, as this method is an adaptation of that of Wood 
et al., who had performed such a validation, the method used 
herein can be assumed to be valid, whilst still warranting 
further investigation [19].

Table 7  Recommended PCXMC parameters for a half-fan scan over 
360°

Level of 
precision

Number of 
sub-fields

Number of 
projections

Deviation 
from base-
line (%)

Moving 
standard 
deviation (%)

Minimum 4 6 2 2.5
Recom-

mended
8 8 1.5 1

Maximum 13 11 1 0.5
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Dose as a function of patient size, beam quality 
and air kerma

The assessment of effective and absorbed doses as a func-
tion of patient size for the pelvis spotlight protocol, as can 
be seen in Tables 4, 5, and 6, show significant variations 
with patient size. Doses can double or halve with patient 
size when compared to the average within a given age 
group for a given imaging protocol. Across the range of 
typical adult phantoms considered the effective dose from 
the pelvis spotlight varied from 1.62 to 6.39 mSv, with an 
average of 3.44 mSv. Whilst within the paediatric groups, 
the range was from 4.21 to 8.07 mSv. In all age groups the 
highest dose was recorded in the prostate with a range of 
5.85–51.13 mGy. However, the pelvis spotlight protocol 
would never be applied to a paediatric case without first 
adjusting the acquisition settings appropriately. The large 
range in doses recorded indicate the clear need to opti-
mise image acquisition settings to account for patient size 
variations. Without optimisation, the absorbed dose to the 
prostate for an adult receiving 35 fractions daily CBCT 
could be between 0.2 and 1.3 Gy. Such numbers indicate 
that the cumulative dose could be a significant fraction of 
the prescribed dose and a significant addition to the dose 
to organs at risk which may have a planned dose already 
near its threshold. Additionally, using the risk coefficient 
for adult populations ( 0.041Sv−1 ) from the International 
Commission on Radiological Protection (ICRP) Publica-
tion 103, the risk of secondary induced cancers in adults 
undergoing 35 fractions could be as high as 0.9% [33]. 
Whilst such risk may be justifiable for patients undergoing 
necessary radiation therapy, it is worth considering the 
lowest estimate of risk could be 0.2%, further illustrating 
the potential benefit of optimising image quality and dose 
[33]. Additionally, it is worth noting that this does not 
consider the potential tissue effects of CBCT [34].

There are several ways this method can be used within 
the clinic. Firstly, it can be used to make estimations 
of the imaging doses associated with a given treatment 
regime or clinical trial. This will allow clinics to assess 
the risk and make necessary adjustments, whilst aiding in 
evidence-based decision making. Another possibility is to 
apply the results in the development of size-based imag-
ing protocols. For example, Wood et al. studied imaging 
noise as a function of patient size and used this to develop 
sized-based categories [18]. This provides information as 
to when imaging parameters could be safely increased to 
improve image quality, or reduced when imaging quality 
was more than sufficient [18]. Lastly, with the high reso-
lution of the data obtained, it is possible to fit multivari-
able functions, tabulate doses, and/or develop equations 
for estimating patient doses, as was the primary focus of 
this study.

The resulting doses were first modelled as an expo-
nential function of equivalent diameter, as was reported 
by Rampado et al. and AAPM TG 204 [16, 20]. As per 
Fig. 9, this approach works well for organs near the iso-
centre, such as the prostate, testes, and bladder. However, 
as per Fig. 10, this approach does not work for organs at 
the periphery of the field, rendering the method unsuit-
able for estimating effective doses. A second option is to 
fit multivariable functions to the results and model dose 
as a polynomial function of height and weight, however, 
in practice as many as 8 terms need to be included yield-
ing cumbersome and unpractical formulae. A more prac-
tical implementation is to tabulate the results, as seen in 
Tables 4 and 5. The data can then be interpolated for a 
specific estimate, with a corrective formula applied for 
variations in tube output and/or beam quality, if neces-
sary, as per Eqs. 2 and 5. This would result in a set of 
lookup tables for each imaging protocol, including one for 
the effective dose and one for the average absorbed dose 
to each organ of interest. The primary purpose would be 
to allow fast and accurate estimates of patient-like doses 
across vendors and imaging protocols, without the need for 
further simulations. Another clinic need only measure the 
air kerma and beam quality at isocentre, then use those as 
input to Eqs. 2 and 5 to account for variations if necessary.

For example, to estimate the absorbed dose to the pros-
tate for a 172 cm, 95 kg adult patient undergoing a pel-
vic spotlight examination, assume we had measured our 
tube output and beam quality to be 50% and 10% higher at 
isocentre than the references, respectively. We could first 
interpolate to find the approximate absorbed dose from 
Table 5, yielding an absorbed dose ( D0 ) of 13.7 mGy. We 
could then substitute all known values into Eq. 5 as such:

This result is in a good agreement with the result obtained 
through direct simulation of this scenario, which is 
21.98 mGy (within 1%).

While the results showcase the usefulness of the method 
and what can be achieved, there are several limitations. 
Firstly, Varian OBI 1.6 has become obsolete in most clin-
ics within Australia. As a result, the data derived may not 
be directly useful for most clinics, but rather serves as 
a proof of concept for what can be achieved for a more 
modern machine. Particularly the ability for one clinic to 
undertake such measurements and develop generalised for-
mulae for inter-clinical use. It also serves as an indication 

D =
K

K0

D0

[
a ⋅ ln

(
Q

Q0

)
+ 1

]

= 1.5 ⋅ 13.7mGy ⋅ [0.819 ⋅ ln(1.1) + 1]

∼ 22.16mGy
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of the kind of doses one may expect and provides evi-
dence that variation of dose with patient size is signifi-
cant. Secondly, the simulations for paediatric and patients 
of higher mass utilised the default parameters, except for 
field size which was adjusted across age groups. However, 
realistically the field size is rarely adjusted, the kV would 
be lower for paediatrics, and inversely the kV would be 
higher for patients of higher mass. Lastly, whilst PCXMC 
provides doses to a wide array of organs, it has no capacity 
to provide doses in any other format than an average to the 
volume, such as a point dose. While this can provide an 
indication of the average dose, it does not yield informa-
tion such as the peak dose to an organ.

As a result, the intent for future work is threefold: (1) 
Assess simulation precision for both fan modes at differ-
ent sections of the body. (2) Validate the results with an 
anthropomorphic phantom. (3) Comprehensively cata-
logue a wide range of patient like doses across all current 
generation vendors and protocols. The end goal of which 
is to enable dose estimates to be readily obtained for all 
patients in almost any clinically relevant scenario.

Conclusion

In conclusion, an approach using MATLAB was developed 
to allow for typical patient doses for CBCT to be simulated 
with PCXMC. The approach is an adaptation of the method 
of Wood et al. and allows for patient doses to be tabulated 
as a function of patient size, with correction factors that 
can account for variations in tube output and beam quality 
[19]. The approach was investigated using 2 Varian OBI 
pelvis protocols, showing significant variations in patient 
doses with size and the need for imaging doses to be opti-
mised. The method provides clinics with a means of assess-
ing patient doses and aiding in the development of protocols 
that are optimised to reduce the burden of image guidance.
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