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Objective: To assess the accuracy and efficiency
of four different techniques, thus determining the
optimum method for recalculating dose on cone
beam CT (CBCT) images acquired during radiotherapy
treatments.
Methods: Four established techniques were investigated
and their accuracy assessed via dose calculations: (1)
applying a standard planning CT (pCT) calibration curve,
(2) applying a CBCT site-specific calibration curve, (3)
performing a density override and (4) using deformable
registration. Each technique was applied to 15 patients
receiving volumetric modulated arc therapy to one of
three treatment sites, head and neck, lung and prostate.
Differences between pCT and CBCT recalculations were
determined with dose volume histogram metrics and
2.0%/0.1 mm gamma analysis using the pCT dose distribution as a reference.
Results: Dose volume histogram analysis indicated
that all techniques yielded differences from expected

results between 0.0 and 2.3% for both target volumes
and organs at risk. With volumetric gamma analysis,
the dose recalculation on deformed images yielded the
highest pass-rates. The median pass-rate ranges at 50%
threshold were 99.6–99.9%, 94.6–96.0%, and 94.8.096.0% for prostate, head and neck and lung patients,
respectively.
Conclusion: Deformable registration, HU override and
site-specific calibration curves were all identified as
dosimetrically accurate and efficient methods for dose
calculation on CBCT images.
Advances in knowledge: With the increasing adoption of CBCT, this study provides clinical radiotherapy
departments with invaluable information regarding the
comparison of dose reconstruction methods, enabling a
more accurate representation of a patient’s treatment.
It can also integrate studies in which CBCT is used in
image-guided radiation therapy and for adaptive radiotherapy planning processes.

Introduction
Image-guided radiotherapy (IGRT) has advanced significantly following the incorporation of kV-based on-board
imagers (OBIs) with treatment linear accelerators (linacs).1
In addition to acquiring high quality two-dimensionally planar radiographs and fluoroscopy images, OBIs are
capable of generating volumetric cone beam CT (CBCT)
images of a patient’s internal anatomy,2 enabling more
accurate positioning of patients prior to their treatment.3
Due to their acquisition arrangement, the three-dimensional (3D) CBCT images generated by OBIs are of inferior
quality compared to the planning CTs (pCTs), generated
by diagnostic CT scanners used to plan a patient’s radiotherapy treatment.4 However, there have been a number
of studies investigating the accuracy of treatment planning dose calculations performed using CBCT images and
potential methods to improve observed limitations in their

calculation accuracy.5–11 Dose calculations derived from
anatomy outlined on CBCT have been used to determine
more accurate estimates of the physical dose that patients
actually receive during prostate radiotherapy treatments.12
This information can allow for improved comparisons with
the patient’s treatment outcome13 and can also be employed
in adaptive therapy strategies9,14 informing clinicians of
the dosimetric consequences of significant changes in the
patient’s anatomy.
One of the main limitations to CBCT images is that a large
volume of the patient is simultaneously irradiated during
their acquisition. This impedes the reduction of scattered
photon contribution to the transmitted projections used to
reconstruct the CBCT images,4,8 as well as reducing image
quality. By impacting image contrast and increasing image
artefacts, the increased scatter component also influences
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the relationship between CT pixel numbers (expressed in
Hounsfield units—HU) and the attenuation coefficient of the
patient’s tissues.9 With pCT images this relationship remains
relatively constant and the HU pixel data can be converted to a
corresponding electron density (ρe) to model how megavoltage
(MV) photons will interact and deposit dose in patient tissue.
However, the increased contribution of scattered photons to
CBCT projections means that the relationship between HU and
electron density is no longer fixed and may vary depending on
patient size and/or the region of anatomy being imaged.9
A number of potential techniques for performing treatment planning calculations on CBCT images have been proposed,5–11,15,16
with the execution of these techniques ranging in complexity.
A number of studies have employed the standard pCT HU to
ρe calibration curve to perform dose calculations on CBCT
images and observed adequate accuracy.5,6,10,12 Richter et al
derived site-specific and patient-specific CBCT calibration
curves by comparing pixel values in patient CBCT images with
corresponding regions of interest (ROI) in their pCT images.8
An in-depth comparison between the dose calculation accuracy of standard and site-specific CBCT calibration curves was
conducted by Mariska et al based on CBCT images generated by
two different vendors for lung cancer patients.17 More intensive
techniques have attempted to overcome the CBCT image quality
issues by employing density override techniques.11,16,18 Many
techniques are based on exploiting the accurate HU information contained within pCT images to correct the CBCT images.
Marchant et al developed a software to correct CBCT images by
comparing corresponding pCT and CBCT axial slices.15 One of
the most elaborated methods is the use of deformable registration
algorithms to deform the accurate HU information contained
within the patient’s pCT images to the anatomical configuration
recorded in the CBCT images.19,20 Deformable registration has
the additional possibility to deform or “warp” the dose calculated
on the CBCT anatomy back to a common reference anatomy (e.g.
the pCT) to determine an estimate of the dose accumulated over
multiple treatment fractions.21,22
In this paper, we report on a comparative study of four commonly
used techniques: standard pCT calibration curve, site-specific
CBCT calibration curve, HU override and deformable registration. Each technique was evaluated in terms of accuracy for
calculating the dose delivered to the target whilst minimizing the
dose delivered to the organ at risk (OAR), for three treatment
sites: head and neck, lung and prostate.

Methods and materials
Table 1 summarises the four techniques for performing dose
calculations on CBCT images investigated in the present study.
Each technique was applied to a sample of 15 patients who had
received volumetric modulated arc therapy (VMAT) to one
of three treatment sites (five head and neck, five lung and five
prostate patients). Each patient had a pCT scan acquired using
an Optima CT580 W CT scanner (GE Healthcare, Waukesha,
WI, United States), with a four-dimensional CT acquisition
protocol used to acquire pCT images for all lung patients.27 The
pCT images were imported into Varian Eclipse (v13.5) (Varian
Medical Systems, Palo Alto) for contouring and planning.
Four head and neck patients were prescribed 70 and 56 Gy in
35 fractions to their primary and nodal target volumes respectively, while one patient was prescribed 60 Gy in 30 fractions
to a primary target volume only. All prostate patients were
prescribed 74 and 60 Gy in 37 fractions to their prostate and
pelvic lymph node target volumes, respectively. All lung patients
were prescribed 55 Gy in 20 fractions to their target volume:
the gross tumour volumes (GTVs) were outlined using the
maximum intensity projections (MIPs) and phases, while OARs
outlining and dose calculations were performed on the average
CT images.27 Patients were treated using a TrueBeam v. 1.5
linear accelerator (Varian Medical Systems). Prior to treatment,
CBCT images were acquired for the first three fractions and then
weekly. The CBCT images were successively registered to the
corresponding pCT images for setup error correction.
Throughout this investigation, the dose distributions calculated
on the patient’s pCT were considered as the gold-standard for
dosimetric comparison. Therefore, the image difference tool
in Eclipse was used to compare pCT and CBCT images and
identify 15 patients (five for each treatment site) with CBCTs
displaying anatomical configurations that closely matched
their pCT. Consideration was given to both the patient’s skin
surface outline and internal anatomy structure to reduce the
impact of anatomical changes on the dose calculations. All dose
calculations were performed using the type-B analytical anisotropic algorithm (AAA). Due to the limited transverse field of
view (FOV) of the CBCT images, the images were extended by
3 cm in the superior-inferior direction to reduce the effect of
CBCT anatomical cropping. As this extension region did not
include any anatomical data, the patient’s body contour from

Table 1. Summary of the methods employed in this study to calculate treatment doses on CBCT anatomy

Method

Description

Additional requirements

References

Standard pCT calibration curve

Dose calculated using standard pCT calibration curve

None

8,9,11,23

CBCT site-specific calibration
curve

Dose calculated using calibration curve specifically
derived for CBCT images

Calibration phantom/registered
pCT—CBCT patient images

7,11,16,17

HU override

CBCT pixel data overridden using regions of interest or
alternative bulk method.

None

Deformable registration

pCT image deformed to CBCT anatomy.

Deformable registration software

13,17,18,24,25
8,23,26

CBCT, cone beam CT; HU, Hounsfield unit.
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corresponding slices on their pCT was transferred to this region
and a water (HU = 0) density-override was applied to this
structure.
Standard pCT calibration curve
The first technique employed the standard pCT HU to ρe calibration curve, i.e. a bilinear curve defined by three default Eclipse
coordinates: (−1000 HU, 0), (100 HU, 1.1) and (6000 HU, 3.92),
routinely validated on the Optima CT scanner using the CIRS
model 062M phantom (CIRS Inc., Norfolk, VA).
Site-specific CBCT calibration curve
For the second technique, the site-specific calibration curves
were determined using a custom-made phantom, containing
tissue-equivalent inserts of known electron density. The custommade phantom consisted of the CIRS model 062M phantom with
wax filling the air gap between the cylindrical inserts protruding
from the phantom surface (Figure A.1, A.2 in Supplementary
Material 1). The phantom was placed between two 5 cm thick
water-equivalent squared slabs following a procedure previously described by Rong et al.23 The average HU values of the
inserts were measured for a selection of scatter conditions and
CBCT acquisition protocols. Further details on the derivation of
the site-specific calibration curves used in this investigation are
described in Appendix A (Supplementary Material 1).
HU override
A density override approach was also applied in this investigation, where automatic contouring tools were used to delineate
seven tissues/materials (air, lung, adipose, muscle, soft and
dense bone and metal) on the CBCT images. The HU override
values for these structures were determined from corresponding
volumes automatically contoured on the patient’s pCT (Appendix
B, Supplementary Material 1).
Deformable registration
Finally, the Eclipse SmartAdapt workspace was used to deformably register the patient’s pCT to the selected CBCT. Eclipse SmartAdapt consists of a toolset enabling to track and adapt changes
in anatomy of a patient. It allows one to deform and propagate
the pCT contours to match the current CBCT anatomy.
Figure 1 provides examples of pCT (1.a) and CBCT (1.b) slices
together with HU overridden CBCT (1.c) and deformed pCT
images (1.d) for a prostate (transversal view), head and neck
(sagittal view) and lung (transversal view) cancer patient. For
each technique, a 3 degrees of freedom rigid registration was
used to register the pCT to the CBCT and transfer the original
pCT structure set and treatment plan to the CBCT image sets.
Dose distributions were then calculated for the original plan on
the CBCT images using the AAA dose calculation algorithm.
Dose volume histogram (DVH) analysis was employed to
compare the results of the dose calculations. DVHs for target
and OAR structures were examined to quantify key plan characteristics. These characteristics were compared to values obtained
from DVHs calculated using the original pCT data. In addition to
this analysis, the plans and 3D dose distributions were exported
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and analysed using Verisoft v6.2 acquisition and analysis software (PTW, Freiburg, Germany). 3D γ analysis was employed to
compare the dose distributions calculated using each of the four
techniques to the dose distributions calculated on the original
pCT. A thresholding technique was used to subtract the failed
pixels at the skin surface of the patient and at the edge of the
imager. Following this, a 2.0%/0.1 mm γ criterion was applied.
Multiple dose thresholds (10%, 50%, 70 and 90%) were used to
evaluate the pCT–CBCT differences at different distances from
the skin surface. Due to the limited FOV of the CBCT images,
the volume of interest over which the γ analysis was performed
was limited to a length of 9 cm in the superoinferior direction to
exclude the effect of CBCT anatomical cropping.
Results
Figure 2 displays examples of DVHs acquired for representative
patients who received radiotherapy to the prostate, head and
neck, and lung. The CBCT DVHs for all the techniques overlap
well with the pCT DVHs for all the OAR structures, however,
differences are observed for the target structures. To provide a
more quantitative comparison between the dose calculation
techniques, selected DVH characteristics used to assess VMAT
plan quality were extracted for all the target and OAR structures.
Tables 2–4 report the median and ranges of differences between
the original pCT and the CBCT DVHs calculated using each of
the four techniques for key prostate and pelvic node, head and
neck and lung plan quality criteria, respectively.
Prostate and pelvic node median differences for all target DVH
metrics across all four techniques were within 0.6% (Table 2).
Calculations performed using the standard and CBCT site-specific calibration curve were found to deviate from the pCT results
by up to +1.8% and −1.4%, respectively.
According to Table 3, for head and neck patients, the deformable registration technique provides the best agreement. Smaller
median differences are observed for the primary target volume
(DVH metrics within 0.4%) while for the nodal target volume
differences up to 5.4% from the pCT are calculated. Standard
and site-specific CBCT calibration curve techniques are found
to yield the poorest agreement. Larger differences (5.4%, 3.9%,
3.2 and 2.7% for standard curve, site-specific CBCT calibration
curve, density override and deformable registration techniques,
respectively) were observed for the dose delivered to 99% of the
nodal target volumes.
In Table 4, absolute differences between pCT and CBCT DVHs for
the lung patients are reported. The deformable registration and
site-specific CBCT calibration techniques yield overall smaller
median differences for the target volume and OARs, respectively.
The results are consistently below 1.9%, the only outlier being the
maximum dose to 0.1 cc of volume for the site-specific CBCT
curve technique (3.8%). No discernible differences are observed
in the accuracy of the different techniques for the OAR’s metrics.
Figure 3 displays a summary of the γ analysis 2.0%/0.1 mm
results comparing the dose distributions calculated on the CBCT
anatomy to distributions calculated on the original pCT images.
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Figure 1. (a) pCT slice of a prostate, head and neck and lung cancer patient. (b) Corresponding CBCT slice acquired using pelvis,
head, and thorax acquisition protocol. (c) CBCT slice with HU overrides applied to the pixel data; specifically adipose and air HU
overrides are here presented in orange and violet, respectively. (d) pCT data deformed to the CBCT anatomy with the deformation grid overlaid on the image. The PTV is contoured in red and blue (for prostate PTV74 is red and PTV60 is blue, for head and
neck PTV70 is red and PTV56 is in blue), while the organs at risk are contoured in yellow (bladder, spinal cord, oesophagus), blue
(brainstem, heart) and green (spinal cord). The couch is the purple element in each image. CBCT, cone beam CT; HU, Hounsfield
unit; PTV, planning target volume.
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Figure 2. DVHs target volumes (PTV and nodal target volume) and OAR structures for (a,b) pelvis, (c,d) head, and (e,f) thorax
acquisitions. OAR, organs at risk; DVH, dose volume histogram; PTV, planning target volume.

The median percentage pass-rates are reported for each of the
three treatment sites, with minimum dose thresholds of 10%,
50%, 70% or 90% applied to the γ analysis. All four methods
produce dose distributions that are a close match to the dose
calculated using the pCT image, with pass-rates higher than 80%
for all the chosen thresholds. For head and neck patients, the
deformable registration technique gives the best results at any
thresholds. For lung patients, the deformable registration technique gives the best results at 70 and 90% thresholds while at 10
and 50% the closest match to pCT are obtained using site-specific and standard calibration curves, respectively. Finally, for the
prostate patients no discernible differences are observed. Moreover, it can be noted that γ analysis performed on the standard
calibration curve or the HU override dose distributions yield
more variable pass-rates compared to the deformable registration. The pass-rate values displayed in Figure 3 and reported for
each individual patient in Appendix C (Supplementary Material 1) also indicate a variation in the accuracy of each of the
dose calculation techniques depending on the treated region.
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The median pass-rate observed at 50% threshold are between
99.6–99.9%, 94.6–96.0%, and 94.8.0–96.0% for prostate, head
and neck and lung patients, respectively.
Discussion
Radiotherapy treatment plans are typically created using CT
images acquired on a pCT scanner. CBCT scans are taken
pre-treatment to verify patient positioning although this volumetric image is not typically used to recalculate the dose due to
the inferior image quality. The aim of this work was to determine
the optimum method for performing treatment planning dose
calculations using anatomical information contained within
CBCT images.
Four different techniques were identified from the literature
and evaluated to determine the best protocol to follow. With
regards to efficiency, each technique required some precursor
steps before dose calculations could be performed on the CBCT
anatomy. Using the standard pCT, calibration curve was found
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(0.0; 1.4)

of the volume [%]

(–0.5; 1.3)

of the volume [%]

of the volume [Gy]

of the volume [Gy]

Dose to 35%

of the volume [Gy]

Dose to 50%

of the volume [Gy]

Dose to 15%

(–0.2; 0.6)

0.1

(–0.2; 0.6)

0.0

(0.1; 1.8)

1.0

(0.0; 1.5)

0.4

0.2

Max dose to 1%

Dose to 60%

(–0.9; 0.5)

0.2

(–1.1; 0.3)

of the volume [%]

Dose to 98%

of the volume [%]

–0.3

0.6

Dose to 99%

(–0.3; 1.1)

of the volume [%]

0.1

( 0.3; 1.1)

0.0

(–0.4; 0.4)

0.0

(–0.3; 0.5)

0.0

(–-0.3; 1.0)

0.3

(-0.7; 0.4)

-0.1

(–0.8; 0.7)

–0.3

(–1.2; 0.1)

–0.2

(–1.4; 0.3)

–0.3

(–0.5; 1.0)

0.2

(0.7; 0.6)

–0.5

(–0.7; 0.7)

–0.2

Median difference (min;max)

Median difference (min;max)
_

CBCT site-specific calibration curve

Standard pCT calibration curve

Max dose to 1%

Dose to 98%

of the volume [%]

Dose to 99%

Constraint

CBCT, cone beam CT; DVH, dose volume histogram; HU, Hounsfield unit; OAR, organ at risk; PTV, planning target volume.

Bladder

Rectum

PTV60

PTV74

Target & OAR

(–0.2; 0.3)

0.2

(–0.2; 0.3)

0.1

(0.3; 1.0)

0.4

(-–0.1; 1.1)

0.1

(–0.3; 0.5)

0.0

(–0.4; 0.8)

0.0

(0.4; 0.7)

–0.2

(0.4; 0.8)

0.6

(0.0; 0.4)

0.4

(0.2; 0.4)

0.3

Median difference (min;max)

HU density over ride

(–0.3; 0.6)

0.1

(–0.2; 0.6)

0.0

(–0.3; 1.2)

0.2

(–0.5; 0.7)

0.1

(–0.5; 1.0)

0.0

(–0.4; 1.0)

0.1

(–0.6; 0.6)

0.2

(–0.4; 0.9)

0.1

(–0.4; 0.7)

0.2

(–-0.4; 0.9)

0.1

Median difference (min;max)

Deformable registration

Table 2. Median and ranges of differences between the original pCT and the CBCT DVHs for primary (PTV74) and nodal (PTV60) planning target volumes, together with
rectum and bladder as OARs (prostate patients)
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Table 3. Median and ranges of differences between the original pCT and the CBCT DVHs for primary (PTV70) and nodal (PTV56)
planning target volumes, together with spinal cord and brain stem as OARs (head and neck patients)

Target
& OAR

Constraint
Dose to 99%
of the volume [%]
Dose to 95%

PTV70

of the volume [%]
Max dose to 1%
of the volume [%]
Dose to 99%
of the volume [%]
Dose to 95%

PTV56

of the volume [%]
Max dose to 1%
of the volume [%]

Spinal cord
Brain stem

Standard pCT
calibration curve

CBCT site-specific
calibration curve

HU density
override

Deformable
registration

Median difference
(min; max)

Median difference
(min; max)

Median difference
(min;max)

Median
difference

−0.4

−0.1

0.1

0.0

(−0.8; 0.3)

(−0.2; 0.5)

(0.0; 0.3)

(−0.2; 0.2)

−0.4

0.0

0.1

0.0

(−0.6; 0.4)

(−0.2; 0.7)

(0.0; 0.3)

(0.0; 0.4)

0.1

0.7

0.4

0.1

(−0.1; 1.0)

(0.2; 1.3)

(0.3; 1.0)

(0.0; 0.9)

−1.3

−1.5

−1.2

−2.0

(−5.4; −0.9)

(−3.9; −0.3)

(−3.2; −0.1)

(−2.7; −0.2)

−0.2

0.0

−0.2

−0.4

(−1.1; 0.0)

(0.5; 0.3)

(−0.3; 0.3)

(−0.5; −0.1)

0.2

0.5

0.5

0.2

(−0.2; 0.7)

(0.1; 1.3)

(0.3; 0.7)

(0.0; 0.7)

Dose to 0.1 cm3

−0.2

0.0

0.0

0.0

of volume [Gy]

(−0.4; 0.1)

(−0.1; 0.2)

(−0.1; 0.1)

(0.0; 0.1)

−0.1

0.2

0.2

−0.1

(−0.2; 0.4)

(0.1; 0.5)

(0.0; 0.3)

(−0.3; 0.1)

Dose to 0.1 cm

3

of the volume [Gy]

CBCT, cone beam CT; DVH, dose volume histogram; HU, Hounsfield unit; OAR, organ at risk; PTV, planning target volume.

Table 4. Median and ranges of differences between the original pCT and the CBCT DVHs for primary planning target volume
(PTV55), together with spinal cord, oesophagus and heart as OARs (lung patients)

Target
& OAR

Constraint
Dose to 99%
of the volume [%]
Dose to 95%

PTV55

of the volume [%]
Max dose to 0.01 cm3
of the volume [%]

Spinal Cord
Oesophagus
Heart

Max dose to 0.01 cm
of volume [Gy]
Max dose to 0.1 cm

3

3

Standard pCT
calibration curve

CBCT site-specific
calibration curve

HU density
override

Deformable
registration

Median difference
(min; max)

Median difference
(min; max)

Median difference
(min; max)

Median difference

−0.6

−0.7

−0.6

−0.3

(−1.0; 0.2)

(−1.2; −0.4)

(−1.1; 0.1)

(−1.8; 0.9)

−0.4

−0.5

−0.5

0.1

(−0.5; −0.1)

(−0.8; −0.2)

(−0.9; 0.4)

(−0.3; 1.2)

0.7

2.3

0.4

0.9

(0.5; 1.4)

(1.4; 3.8)

(−0.4; 1.2)

(−0.8; 1.9)

0.2

0.0

0.0

−0.2

(−0.3; 0.7)

(−0.6; 0.3)

(−1.0; 0.4)

(−0.7; 0.1)

0.1

0.0

0.0

0.1

of the volume [Gy]

(−0.1; 1.9)

(−0.2; 1.2)

(−0.4; 1.5)

(−0.3; 0.4)

Max dose to 0.1 cm3

0.5

0.0

0.1

−0.1

of the volume [Gy]

(−0.1; 1.5)

(−0.2; 1.3)

(−0.3; 1.3)

(−0.5; 0.5)

CBCT, cone beam CT; DVH, dose volume histogram; HU, Hounsfield unit; OAR, organ at risk; PTV, planning target volume.
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Figure 3. Median γ 2%/ 0.1 mm pass-rates (%) for dose thresholds of 10%, 50%, 70 and 90% for (a) pelvis (b) head and neck, and
(c) thorax acquisitions. Note that the median pass-rate (y axis) starts from 60%. CBCT, cone beam CT.
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to be the most straightforward method to implement. However,
for some acquisition protocols it was necessary to extend the
CBCTs limited FOV to allow transfer of pCT structures with
density overrides applied for improved calculation accuracy.16
This additional step was also required for the site-specific calibration curve and density override techniques but was inherent
in the deformable registration technique. Deriving appropriate CBCT calibration curves required an additional investigation using a custom-made CBCT phantom. In agreement
with previous work,23 site-specific variations in the calibration curves were observed and suggested the need for protocol
specific curves. The density override method was found to be
the most labour-intensive technique to employ for this system,
although other manufacturers automate this step.16 A patient
specific override approach was adopted as this had previously
been reported to be more accurate than a population approach.8
Appendix B (Supplementary Material 1) provides more detail
on the steps involved when employing this method. However,
this process could potentially be streamlined through the use
of scripts within the treatment planning system.28 Deformable
registration required additional software to deform pCT images
to the CBCT anatomy and generate new DICOM images which
were subsequently imported into the treatment planning system.
However, open source software for deformable registration is
available and commercial systems offer the capability of automatically performing deformation and import.29
Quantitative DVH comparisons and γ analysis were employed
to assess the accuracy of each of the four techniques. The use
of deformable registration consistently generated dose distributions that exhibited a good agreement with the pCT dose
distributions (less than 0.3% of difference on the dose to 99% of
volume, and average γ pass-rate >95% for all tumour sites). For
most of the patients using either the standard calibration curve
or applying density overrides to the CBCT images yielded very
similar differences when compared to the pCT results. The use
of a standard pCT calibration curve could be used where there is
poor registration accuracy and density override could be a good
alternative where CBCT images present significant artefacts,
e.g. in case of prosthetic implants. Both the DVH metrics and γ
analysis indicated that applying a density override to the CBCT
pixel data improved the calculation accuracy, highlighting the
CT number accuracy issues associated with CBCT.4,9 The CBCT
site-specific calibration curves derived using a custom-made
phantom were observed to produce wider DVH metrics ranges
but good γ analysis results. It must be taken into account that
when generating the site-specific calibration curves used for the
dose recalculation, some ring and strike artefacts in the CBCT
images caused worse HU measurements for some inserts. This
can explain why the site-specific DVH results are broader than
the other methods. The custom-made phantom used to generate
the site-specific curves allowed improving the results presented
by Rong et al23 because the additional scatter material resembled
a real case scenario and the dose was recalculated on patients’
images and not on phantoms. DVH analysis of the dose to 99%
of volume of the nodal PTV volume in head and neck treatment
plans presented the largest discrepancies, irrespective of the
technique used, with dose differences up to 5.4% for the patients.
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The source of this difference was found to be associated with the
PTV position: the closer the PTV to the patient’s skin surface, the
larger the error. Hence, the dose calculated for this structure was
more sensitive to small changes in the patient’s CBCT geometry.
One potential limitation to this work is that the deformable registration study deformed the original pCT to the CBCT anatomy
with the calculated deformed pCT dose subsequently compared
to the dose calculated on the original pCT. This introduced an
inherent bias as it was not possible to determine if agreement
was partially due to the fact that the deformation algorithm did
not sufficiently adjust the pCT anatomy. However, the accuracy
of deformable registration techniques, including SmartAdapt®,
have been extensively tested,20,21,30,31 where a number of deformable registration algorithms have been reported to perform at an
accuracy equivalent to the image voxel size.31 Arbitrary selection
of CBCT images would have resulted in deviations from the pCT
anatomy and influenced the dose distributions generated on the
images.12 This work sought to eliminate the influence of anatomical changes on CBCT dose distributions and provide a more
robust baseline assessment of dose calculation methods. Future
work will assess multiple CBCT images from individual patients
to assess the influence of anatomical changes on the dose distributions generated during individual treatment fractions.
It is also important to highlight that outlining on CBCT may not
be feasible within the clinical workflow of a busy radiotherapy
department. Therefore, automated knowledge-based contouring
algorithms, based on deformable registration to appropriate
reference cases, may provide a tool to streamline this process.32
Other studies have also observed vendor-specific variation in the
quality of CBCT image acquisitions17,33 which may influence
the accuracy of each of the dose calculation techniques assessed
here. It is therefore recommended that radiotherapy departments perform similar investigations using their own CBCT
image database to identify the best technique for their resources.
In vivo dosimetry is another important application of CBCT.
Changes in patient geometry, dose calculation inaccuracies
and dose delivery errors are all sources of uncertainty causing
discrepancies between planned and delivered dose.34 Several
studies have shown that the measurements with portal imaging
device of the radiation dose received by the patient during the
treatment allow the detection of errors that could remain undetected even using pre-treatment verification.35–37 The knowledge
of in-room 3D imaging dose measurements and TPS 3D dose
distributions (based on the actual delivered fields) can yield
accurate 3D in-vivo patient dose verification, particularly useful
for advanced photon beam techniques characterized by steeper
dose gradients (e.g. IMRT and VMAT).38–40 The work presented
in this manuscript shows that dose calculation on CBCT can
introduce uncertainties, independent of delivery uncertainties
or anatomical changes, that are dependent on the dose reconstruction technique.
Conclusion
In addition to providing superior 3D internal anatomy information for improved patient set-up, CBCT images can potentially
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be utilised to calculate more accurate estimates of the dose
patients receive during their treatments. This work shows how
to enable CBCT images to be used for this purpose with the
potential for adapting treatments if required. The results of this
study indicate that deformable registration is an accurate method
for performing dose calculations on CBCT. HU override techniques and the use of site-specific CBCT calibration curves are
valid alternatives to be considered with regards to accuracy and
efficiency, particularly when substantial anatomical differences
occur.
It is important to underline that the site of the tumour plays
an important role in identifying the best technique to be used.
Specifically (a) for prostate patients all four methods give very
good and similar results; (b) for head and neck patients, the position of the tumour plays a relevant role in the dose recalculation. When delivering high doses close to the skin surface of the

patient, geometrical differences between pCT and CBCT images
can cause significant discrepancies in the dose recalculation; (c)
for lung patients, the size of the patients can influence the CBCT
dose recalculation, particularly in the recalculation of the dose
delivered to the primary target.
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