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Abstract 

Objectives: The goal of this study is to validate different CBCT correction methods to select the superior method 
that can be used for dose evaluation in breast cancer patients with large anatomical changes treated with photon 
irradiation.

Materials and method: Seventy-six breast cancer patients treated with a partial VMAT photon technique (70% con-
formal, 30% VMAT) were included in this study. All patients showed at least a 5 mm variation (swelling or shrinkage) 
of the breast on the CBCT compared to the planning-CT (pCT) and had a repeat-CT (rCT) for dose evaluation acquired 
within 3 days of this CBCT. The original CBCT was corrected using four methods: (1) HU-override correction (CBCTHU), 
(2) analytical correction and conversion (CBCTCC), (3) deep learning (DL) correction (CTDL) and (4) virtual correction 
(CTV). Image quality evaluation consisted of calculating the mean absolute error (MAE) and mean error (ME) within 
the whole breast clinical target volume (CTV) and the field of view of the CBCT minus 2 cm (CBCT-ROI) with respect to 
the rCT. The dose was calculated on all image sets using the clinical treatment plan for dose and gamma passing rate 
analysis.

Results: The MAE of the CBCT-ROI was below 66 HU for all corrected CBCTs, except for the CBCTHU with a MAE of 142 
HU. No significant dose differences were observed in the CTV regions in the CBCTCC, CTDL and CTv. Only the CBCTHU 
deviated significantly (p < 0.01) resulting in 1.7% (± 1.1%) average dose deviation. Gamma passing rates were > 95% for 
2%/2 mm for all corrected CBCTs.

Conclusion: The analytical correction and conversion, deep learning correction and virtual correction methods can 
be applied for an accurate CBCT correction that can be used for dose evaluation during the course of photon radio-
therapy of breast cancer patients.
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Introduction
In modern radiotherapy, patient positioning is cru-
cial for an accurate dose delivery during radiotherapy 
treatments. This can be achieved by verifying and sub-
sequently correcting patient position prior to beam 
delivery. A current often used treatment position verifi-
cation imaging method is cone beam computed tomog-
raphy (CBCT). By comparing patient anatomy to that of 
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a reference acquired at the time of treatment planning, 
the patient’s position can be optimized prior to treatment 
delivery. It is possible that anatomical deviations with 
respect to the reference are visible on the CBCT, e.g. due 
to weight loss or gain, swelling or differences in patient 
posture compared to the reference due to stress or anxi-
ety during reference computed tomography (CT) acqui-
sition. It is however unclear what the consequences of 
these deviations are for the dose distribution. Especially 
highly modulated plans (e.g. volumetric modulated arc 
therapy (VMAT) and intensity modulated radiotherapy) 
are more susceptible to anatomical deviations. Hence, 
it is unknown whether the original treatment plan still 
suffices for the new anatomy. Ideally the CBCT could 
be used for dose evaluation and thereby verifying if the 
treatment plan still suffices or needs to be updated. How-
ever, the CBCT often has a small field of view (FOV) 
and includes low frequency artifacts reducing the qual-
ity of the CBCT. Most importantly, the relative large 
contribution of scattered X-rays in CBCTs results in an 
inaccurate representation of the Hounsfield units (HU), 
causing an uncertainty in the HU-to-electron density 
conversion resulting in uncertainty in the final calculated 
dose distribution [1–7]. To accurately assess the dosi-
metric consequences of anatomical deviations found on 
CBCT a repeat CT is generally acquired. In many cases 
dose evaluation on these repeat CTs does not show dose 
deviations that need a plan adaptation. A method for reli-
able dose evaluation based on CBCTs would reduce the 
number of unnecessary repeat CTs reducing the imaging 
dose to patients and the workload for the radiotherapy 
department.

The goal of this study is to validate different CBCT cor-
rection methods to select the superior method that may 
be used for dose evaluation in breast cancer patients with 
large anatomical changes treated with photon irradia-
tion to identify the possible need for a plan adaptation. 
For this purpose, CBCT correction methods have been 
assessed by quantifying the resulting HU and dose accu-
racy and their influence on complication risk assessment.

Methods
Included patients
76 left or right-sided breast cancer patients undergoing 
whole breast radiotherapy without nodal involvement 
were selected retrospectively. 43 patients received a 
simultaneous integrated boost treatment with a fraction-
ation scheme of 21 F × 2.17 Gy/F(+ 0.49 Gy/F) while the 
remaining 33 patients received a fractionation scheme of 
16 F × 2.66 Gy/F (no boost).

All patients were treated on the Elekta Infinity.™ linear 
accelerator (Elekta AB, Sweden). CBCTs were acquired 
(X-ray volumetric imaging (XVI), v5.0.4, Elekta AB, 

Sweden, 195° arc, 120  kV, 32.5  s, 0.4 mAs) for the first 
three fractions and thereafter once a week, according to 
the extended no-action level +  + protocol. [8]

Only patients with physical anatomical surface defor-
mations > 5 mm on the CBCT compared to the planning 
CT (pCT) due to swelling or shrinkage were included 
in the study. Following the local clinical workflows for 
patients with deformations > 5  mm, a repeat CT (rCT) 
was acquired within three days after the CBCT show-
ing the deformations to evaluate the dosimetric con-
sequences. The pCT and rCT were acquired on the 
Somatom-Definition AS CT-scanner (Siemens, Forch-
heim, Germany).

The whole breast was visible on the CBCT and no clear 
artifacts were visible on either the pCT, rCT or CBCT. 
All patients were treated with a partial VMAT technique 
with 70% of the dose delivered with a conformal tech-
nique consisting of two tangential fields, and 30% with 4 
short VMAT arcs of 40–80°, depending on the anatomy 
of the patient. In general start-stop gantry angles are in-
between 20°and 300° for arcs 1 and 2 and in-between 
90°and 150° for arcs 3 and 4 for left sided breast cancer 
patients (60°–340° and 210°–270° for right sided breast 
cancer patients).

CBCT correction methods
Four different CBCT correction methods have been 
applied.

HU‑override correction
A standard built-in correction method for imported 
CBCTs in the treatment planning system (TPS, RaySta-
tion Research version 9.10.1, RaySearch, Sweden) is the 
creation of a patient specific CBCT number to density 
table. The density table is created by using an automatic 
multilevel-thresholding, based on algorithms that classify 
CBCT voxels with similar HUs into several ranges, based 
on grey levels [9]. Automatic thresholding was applied 
to obtain a uniform method over all CBCTs. Six differ-
ent densities are assigned to the CBCT; air (0.00121  g/
cm3), lung (0.26  g/cm3), adipose (0.95  g/cm3), tissue 
(1.05  g/cm3), cartilage/bone (1.6  g/cm3) and other (3  g/
cm3). Although densities were assigned, the raw CBCT 
image remained unaltered. This method is referred to as 
the HU-override correction method and results in the 
CBCTHU.

Analytical correction and conversion
An early version of this algorithm is available in a 
research version of the TPS RayStation 9B. The algorithm 
is based on the work of Marchant et al. and works in an 
iterative manner, consisting of two main parts [10]. The 
first part of the algorithm is to find a conversion from the 
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CBCT grey level scale to the pCT grey level scale and the 
second part is to find a correction map that removes low 
frequency artifacts. In the first part, a joint histogram 
is created (after a deformable registration) of the pCT 
(reference) and the CBCT (target). Tissue pairs can be 
observed within this histogram which are used to con-
struct a conversion function based on linear interpola-
tion. In a subsequent correction step a difference map 
was created between the pCT and CBCT, which is lim-
ited to the FOV of the CBCT. This difference map was 
filtered with a low pass filter and added to the CBCT to 
reduce low frequency artifacts. This analytical correction 
and conversion method results in the  CBCTcc.

Virtual CT
The virtual CT is created by first deforming a reference 
CT to the CBCT, hence, the densities from the CT will 
be used for the virtual CT in most of the image. Any air 
pocket present in either the CT or the CBCT is replaced 
by the values from the CBCT corrected with the analyti-
cal correction and conversion method  (CBCTcc), yielding 
the CTV.

Deep learning correction
From the 76 patients, randomly 37 patients have been 
selected and have been prepared to create a deep learn-
ing model to correct the CBCT. while the remaining 39 
patients were used as an independent test set for the vali-
dation of the model. The patient group used for model 
training consisted of 17 left-sided, 19 right-sided and 
1 bilateral breast cancer patient, of which 22 received a 
SIB treatment. During training of the model the data 
was split into two groups; (1) training and (2) valida-
tion. 31 out of the 37 patients were used for training and 
the remaining 6 patients were used for validation. Aug-
mentation of the images was performed by applying ±7° 
rotations and ±7 pixels translations during training. The 
preparation of patients consisted of creating a deformed 
rCT with the CBCT as reference and the original rCT as 
target, where the deformation was focused on the FOV 
of the CBCT minus 2 cm.  The resulting image was a rCT 
deformed to the CBCT with a FOV equal to that of the 
CBCT. The rCT was used because of superior anatomi-
cal similarities with the CBCT compared to the pCT. 
The model used is similar to the cycle-generative adver-
sarial network (CycleGAN) architecture [11]. However, 
an additional paired data term was used in the cost func-
tion during training which was equal to the difference 
between the deep learning CT and the deformed rCT 
(|CTDL-deformed rCT|). The paired weight was set to 3 
while the cyclic weight was 7. This correction method 
results in the CTDL.

Image quality evaluation
A script in RayStation was used to consistently pro-
cess the remaining 39 patients that were used as 
an independent test set. Initially all patients had a 
(deformed) pCT, (deformed) rCT and HU-override 
corrected CBCT as image set available in RayStation. 
Both the pCT (original  +  deformed) and rCT (origi-
nal  +  deformed) already had CTVs delineated which 
were unaltered in the workflow described. All the CTVs 
were contracted to be within 5 mm of the BODY con-
tour on the rCT and pCT. The following actions were 
performed in consecutive order within the script:

(1) The BODY contour was set as type ‘External’ on the 
pCT and rCT

(2) A three degree of rotation rigid registration was 
performed between the rCT and the CBCT

(3) An additional structure ‘CBCT-ROI’ was created on 
all image sets which is the intersection between the 
FOV of the CBCT minus 2 cm and the BODY con-
tour and all structures were copied rigidly from the 
rCT to the CBCT.

(4) The correction methods were applied to the CBCT 
resulting in the additional corrected and converted 
CBCT (CBCTCC), virtual CT (CTV) and deep learn-
ing CT (CTDL).

By using a rigid registration, equal volumes of the 
ROIs between the different image sets were ensured. 
After ROI transfer to the CBCT image sets, all the con-
tours were visually checked to be within the BODY and 
if necessary, slightly altered. The rCT image was used 
as reference to evaluate the accuracy of HU of the dif-
ferent corrected CBCTs. The HU accuracy was quan-
tified based on the mean absolute error (MAE) and 
mean error (ME), defined in Eqs. 1 and 2, for the ROIs 
‘CBCT-ROI’ and the whole breast CTV.

In Eqs. 1 and 2 i represents the voxel within the ROI 
to be analyzed and n is equal to the number of voxels in 
the ROI. Statistical analyses were performed using the 
rCT as reference with a two-tailed student’s t-test using 
independent samples with equal variances.

(1)MAE =

n
i=1

HUrCT (i) −HUsyntheticCT (i)

n

(2)ME =

∑n
i=1

(HUrCT (i) −HUsyntheticCT (i))

n
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Dose calculation accuracy
For the purpose of dose calculation accuracy, the previ-
ous script was extended. The changes consisted of using 
a deformable registration between the rCT and the 
CBCT in step 2 and consequently warping structures 
to the CBCT in step 3. More steps were added to the 
script:

(5) All voxels in the BODY contour, but outside the 
FOV of the CBCT, were set to a density of 1 g/cm3

(6) The dose is calculated (Collapsed Cone algorithm) 
on these corrected CBCTs using the original treat-
ment plan from the pCT

(7) Finally the whole breast CTV, boost CTV and heart 
dose-volume based parameters (D1, D2, D95, D98, 
D99 and average) of the pCT, rCT and corrected 
CBCTs were exported for data analysis within Excel 
(Office 365, version 16.0.14131.20326).

Boxplots were created for visualization of the results. 
Statistical analyses were performed using the rCT as ref-
erence with a two-tailed student’s t-test using independ-
ent samples with equal variances. Global 3D gamma 
passing rates (GPR) were calculated in the MICE toolkit 
(NONPIMedical AB, Sweden, Umeå, version 2021.2.1) 
between the rCT (reference) and corrected CBCT dose 
distributions with gamma passing criteria of 2%/2  mm, 
3%/3 mm and 5%/5 mm with reference doses of 42.47 Gy 
or 56.07  Gy depending on the prescription. All voxels 
with a dose > 0 in the reference dose distribution were 
taken into account.

The average heart dose was used in combination with 
the normal tissue complication probabilities (NTCP) 
model for acute coronary events (ACE) to determine the 
differences between the image sets. The NTCP model is 
based on data from Darby et  al. and Van Den Bogaard 
et  al. and incorporates age and multiple risk factors to 
calculate the ACE risk [12, 13]. As this data was unknown 
for the patient population, the ACE risk was determined 
by interpolation between the corresponding dose values 
in > 70 years for the minimum risk, and < 40 years for the 
maximum risk as is presented by Boersma et al. [14] This 
model is clinically implemented within the model-based 
selection for photon vs. proton treatment of breast can-
cer patients in The Netherlands [14–16].

Results
CBCT correction methods
For all patients the CBCT correction was performed 
without any problems by the script. In Fig.  1 the pCT, 
rCT and the four corrected CBCTs are presented for four 
patients. The training for the deep learning correction 

based on the paired data |CTDL-deformed rCT| contin-
ued for 30 epochs. The optimal model was obtained after 
the 22nd epoch, yielding a mean absolute error (MAE) of 
64 HU in the validation set.

Image quality evaluation
For all 39 patients in the test set all CTVs were within 
the BODY contour after rigid transformation. A slight 
volume difference existed between the unaltered whole 
breast CTV from the pCT and the other image sets. The 
CBCT-ROI is copied rigidly to all image sets to ensure 
equal volumes for optimal comparison. The MAE and 
ME results for the HU accuracy evaluation are presented 
in Table 1.

In general the differences were larger for the CBCT-
ROI because of the varying tissues (e.g. air, muscle and 
bone) resulting in a larger HU range within this region 
compared to the whole breast CTV. The CBCTHU shows 
the largest MAE differences compared to the rCT. Lower 
MAE values were found for other correction methods. 
The ME of the HU values of the CBCTHU (p < 0.001) were 
significantly different from those of the rCT for the whole 
breast CTV.

Dose calculation
The original treatment plan generated on the pCT is 
used to calculate the dose on the corrected CBCTs, see 
Fig. 1 for the dose distributions. The dose difference rela-
tive to the prescribed dose is calculated between the rCT 
(reference) and the different image sets (pCT, CBCTHU, 
CBCTCC, CTDL, CTV). The rCT is used as reference 
because it is most representative for the CBCT.

The results are presented as boxplots in Fig.  2 for 
the whole breast CTV and heart which are available 
for all patients, and the boost CTV which is available 
for twenty-one patients. The asterisks above the graph 
indicate the level of significance between the rCT and 
the specific image set. The dose difference relative to 
the prescribed dose between the rCT and pCT is on 
average 0.4% (± 0.8%) which is assumed to be due to 
volume changes present between the rCT and pCT. It 
is shown that in both CTV cases the CBCTHU shows a 
significant difference compared to the rCT, resulting in 
a systematic underdosage calculated by the CBCTHU. 
The average dose difference between the rCT and 
CBCTHU is −1.7% (± 1.1%) for the whole breast CTV 
and −1.4% (± 1.2%) for the boost CTV, corresponding 
to an absolute difference of 73 cGy and 78 cGy respec-
tively. From the four CBCT correction methods, the 
CBCTCC shows the smallest average difference with 
the rCT: 0.0%(± 1.0%) and 0.1%(± 1.0%) difference, 
respectively for the whole breast CTV and boost CTV, 
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compared to −0.2%(± 1.2%) and 0.1%(± 1.2%) for the 
CTDL and −0.2%(± 1.0%) and −0.1%(± 1.0%) for the 
CTV respectively.

The global 3D GPR is calculated for the passing crite-
ria 2%/2 mm, 3%/3 mm and 5%/5 mm between the rCT 
dose distribution (reference) and corrected CBCTs. The 
overview of GPR (mean ± 1σ) is presented in Table  2 
for the different criteria.

In general, the GPR for the  CBCTHU are worse than for 
the other corrected CBCTs, which is in agreement with 
the results of the dose-volume analysis. The GPR results 
for the  CBCTCC,  CTDL and  CTV are > 97% for 2%/2 mm 
and the difference between those three methods is 
always < 0.2% for all gamma criteria.

The heart dose is on average very similar to the rCT 
heart dose, as can be seen in Fig. 2C. The heart dose for 

Patient 3
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CTDL

CTV
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distribution
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Fig. 1 Overview of the different images used during analysis for four different patients. The images show the different ROIs used during analyses, 
including the calculated dose distribution according to the original treatment plan. The W/L was set to 400/40HU. The ROIs present are External 
(green), whole breast CTV (pink) boost CTV (pink), heart (red) and CBCT-ROI (blue).The ROIs are warped from the rCT, hence the differences 
between the image sets

Table 1 Overview of the HU accuracy evaluation in terms of mean absolute error (MAE) and mean error (ME) in the test set. The 
results are presented as mean ± 1σ and the range ([min; max]) for the whole breast CTV and CBCT-ROI

The rCT was used as reference during the image quality evaluation. The asterisks (*) indicate a significant difference (p < 0.001) between the rCT and image set

Image comparison Whole breast CTV CBCT ROI

MAE [HU] ME [HU] MAE [HU] ME [HU]

rCT-pCT 15 ± 3 [12;24] 2 ± 4 [−9;9] 32 ± 7 [23;51] 1 ± 8 [−18;23]

rCT-  CBCTHU 80 ± 25 [35;169] 73 ± 29* [15;167] 142 ± 21 [107;198] 18 ± 42 [−69;130]

rCT-  CBCTCC 50 ± 13 [29;81] 3 ± 8 [−19;22] 66 ± 9 [50;84] 2 ± 9 [−15;26]

rCT-  CTDL 35 ± 15 [17;75] −7 ± 28 [−72;57] 61 ± 13 [42;110] −18 ± 25 [−79;28]

rCT-  CTV 19 ± 6 [12;42] 3 ± 5 [−10;15] 48 ± 6 [35;68] −3 ± 9 [−24;27]
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Fig. 2 The dose differences relative to the prescribed dose between the different image sets and the repeat CT (rCT) for A the whole breast CTV, 
B the boost CTV and C the heart. The asterisks indicate a significant difference between the specific image set compared to the rCT. *: p < 0.05, **: 
P < 0.01, ***: P < 0.001
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all images sets shows no significant differences compared 
to the rCT over all dose statistics. The difference in mean 
heart dose varied on average between 164 cGy (rCT) and 
170 cGy (CTV). These differences correspond to a maxi-
mum change in risk of an ACE by 0.05%, depending on 
the age and possible risk factors [14]. However, for spe-
cific patients large differences exist specifically for the 
dose volume parameters D1 and D2 as can clearly be seen 
in Fig.  2C. This is caused by a change in lung volume, 
which is illustrated in Fig.  3 for two patients. Although 

the average heart dose varies slightly, the D1 and D2 val-
ues can show a large variation for individual patients. 
Figure 3 (bottom) presents a patient with a D2 dose dif-
ference of 1466 cGy between the pCT and rCT, with a D2 
heart dose difference on corrected CBCTs in the order 
of 1300 cGy as well. In total 10 patients (7 deep inspira-
tion breathhold (DIBH) and 3 free breathing) showed 
a difference > 2% for D1 and D2 compared to the pCT 
corresponding to an absolute dose difference of at least 
85  cGy. 4 of these patients showed > 2% dose deviation 
on the D1 or D2 for the rCT while the dose on the syn-
thetic CTs was < 2%. Moreover, all patients showing > 2% 
difference on any corrected CBCT for the D1 or D2, also 
showed > 2% difference on the corresponding rCT.  

Discussion
Many papers already described the correction of clinical 
cone-beam CTs for dose evaluation in adaptive radio-
therapy [17–21]. However, HU accuracy comparison 
combined with dose calculation accuracy and complica-
tion risk assessment of four different CBCT correction 
methods available in a research version of a commercial 
TPS for breast cancer patients treated with photon irra-
diation has not been published previously. Therefore, the 

Table 2 The results for the global 3D gamma passing rates 
between the dose distribution of the rCT (reference) and the 
corrected CBCTs

The numbers presented are mean ± 1σ of the gamma passing rates for the 
different passing criteria

CBCTHU CBCTCC CTDL CTV

Gamma criteria: 
2%/2 mm

95.7 ± 2.5% 97.3 ± 1.8% 97.1 ± 2.1% 97.3 ± 1.8%

Gamma criteria: 
3%/3 mm

98.0 ± 1.5% 98.7 ± 1.1% 98.7 ± 1.2% 98.8 ± 1.1%

Gamma criteria: 
5%/5 mm

99.4 ± 0.6% 99.6 ± 0.6% 99.6 ± 0.6% 99.6 ± 0.6%

Fig. 3 Overview of the pCT (left) and rCT (right) for two patients showing deviations in the D1 and D2 in the heart due to a changed heart position 
resulting in a higher dose in a small volume of the heart
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current study provides valuable information for the clini-
cal implementation of using corrected CBCTs for dose 
evaluation and identifying the need for plan adaptations 
based on target coverage and dose to OAR in photon 
breast cancer patients.

Compared to the rCT the CBCTHU shows the larg-
est differences for MAE and ME which indicates that 
this correction method is the least accurate correction 
method. The results for the CBCTCC are similar to that 
of the CTDL and are comparable to the MAE of 56 HU 
determined by Kidar et al. [22] Shi et al., Marchant et al. 
and Niu et al. already showed that by using the analyti-
cal correction and conversion the HU accuracy improved 
significantly [10, 23, 24]. The HU accuracy in the CTDL 
in this study is superior to the research of Maspero et al. 
where a MAE of 66 HU was calculated but is compara-
ble to the study of Wang et al. where a MAE of 39 HU is 
determined within the breast region for CycleGAN deep 
learning corrected CBCT specific for breast patients. [21, 
25] Similar deep learning corrected CBCTs image qual-
ity research is performed for head and neck (H&N), tho-
rax and abdominal regions. Ranges of resulting MAEs in 
literature are found to be 19–77 HU (H&N), 47–94 HU 
(thorax) and 42–87 HU (abdomen) respectively [18–21, 
26–29] It is clear that for every site a (wide) range in MAE 
is observed. General reasons to take into account causing 
variations in MAE are (1) time difference between CBCT 
and rCT acquisition, (2) use of immobilization tech-
niques and (3) the ROI which is used for MAE determi-
nation. Decreasing the time between the rCT and CBCT 
acquisition and applying immobilization on both the 
CBCT and rCT results in optimal anatomical similarities, 
which is expected to result in a decrease in MAE between 
the rCT and CTDL.[30] The size of the ROI for MAE cal-
culation determines the variety of tissues included and 
thereby increases the range of HU included. This will 
consequently increase the MAE between images.

Considering the accuracy of dose calculation, dif-
ferent dose-volume parameters were analyzed for the 
whole breast CTV and the boost CTV. Due to volume 
changes visible on the rCT, a dose difference is expected 
between the rCT and pCT. In this research, this differ-
ence is determined to be 0.4% (± 0.8%) for the whole 
breast CTV. Because the whole breast CTV is delineated 
by the physician on both the pCT and rCT prior to this 
study, the dose difference is assumed to be solely due to 
the volume changes. As the CBCTs used for the CBCT 
correction methods are always acquired maximum three 
days before the rCT it is assumed that the patient posture 
and anatomy of the CBCT corresponds better to the rCT 
than to the pCT.

The CBCTHU shows significant dose differences for 
all dose statistics, resulting in an average systematic 

underdosage of 1.7% (± 1.1%) for the whole breast CTV. 
This is also observed by Dunlop et al., who showed that 
the auto segmentation in RayStation underestimates 
the proportion of lower-density tissues, corresponding 
to an underestimation of the dose for the CBCT [31]. 
Using a patient specific HU correction method results 
in general in a dose deviation of 1%-2% [6, 31–34]. It 
should be noted that for these literature studies a much 
smaller population of 10–11 patients was used, while in 
the current study 39 patients were used to evaluate the 
dose. The analytical conversion and correction results in 
0.0% (± 1.0%) and 0.1% (± 1.0%) dose difference com-
pared to the rCT for the whole breast CTV and boost 
CTV respectively. Marchant et al. used a similar correc-
tion for 15 lung patients and calculated a mean dose dif-
ference of 0.5% (± 0.7%) which was similar to the dose 
difference calculated in the current study. [35] A similar 
but inferior CBCT correction method more frequently 
used in literature is the histogram matching correction 
method, which excludes low frequency artifact correc-
tion. Onozato et al. and Abe et al. calculated a dose dif-
ference of 0.8% and 2% respectively with the histogram 
matching correction. [36, 37] Only three other studies 
performed voxel-based photon dose calculation on CTDL, 
resulting in dose differences of 0.1–1% which is similar 
to the −0.2% (± 1.2%) determined in our study [21, 38, 
39]. The CTV as used within the current study has not 
been reported in literature. It should however be men-
tioned that for the purpose of breast patients, the addi-
tional corrections of the CTV are negligible. Therefore, 
this CBCT correction method should be further inves-
tigated in target regions with air-pockets present. From 
the corrected CBCTs, only the CBCTHU is significantly 
different compared to the rCT hence, the other three cor-
rection methods are accurate to use for dose evaluation 
and identifying patients with a need for a plan adaptation 
based on increased dose to OAR or reduced target cover-
age. This could potentially replace the rCT which remains 
currently necessary for the evaluation of the dosimetric 
consequences of anatomical deviations. Consequently, 
less unnecessary rCTs will be acquired resulting in lower 
imaging dose to the patient and a decreased workload for 
the radiotherapy department.

The global 3D gamma passing rate (GPR) was better 
than 95% for the strictest criteria of 2%/2 mm for all cor-
rected CBCTs and even better than 97% when exclud-
ing the CBCTHU. This agrees well, or is even better than 
described in other studies. For HU-override correction, 
or multi-level thresholding correction, the GPR pub-
lished on patient studies are limited. Giacometti et al. and 
Onozato et al. determined a GPR > 95% for multiple ana-
tomical sites with respectively 2%/0.1 mm and 1%/1 mm 
as passing criteria [36, 40]. GPR values for the currently 
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used analytical correction and conversion method are 
not published in literature for photon dose calculation in 
breast patients. However, multiple articles have used the 
histogram matching correction method in combination 
with GPR analysis. For multiple GPR criteria it is found 
that the GPR is between 94%-100% including multiple 
sites. [6, 36, 41, 42] Regarding GPR calculations on Cycle-
GAN deep learning corrected CBCT, two studies can be 
identified for photon dose calculations specific for breast 
patients. [21, 25] Maspero et al. and Wang et al. included 
a 2%/2 mm criteria and calculated a GPR of 89% (± 9%) 
and 84% (± 4%) respectively. The GPR of 97% (± 2%) 
determined in this research shows superior accuracy of 
dose calculation on deep learning corrected CBCTs. Five 
other studies can be identified for other anatomical sites, 
all including a 2%/2  mm criteria, showing GPR ranging 
from 92 to 99.5%. [29, 39, 43–45] It should be noted that 
GPR results are difficult to compare, as frequently the 
passing criteria and dose threshold levels are different or 
not mentioned.

The complication risk assessment for acute coronary 
events (ACE) is based on the mean heart dose (MHD). 
In this study it is determined that the difference of abso-
lute average MHD between all image sets is 6 cGy [164 
(rCT); 170 cGy (CTV)]. This corresponds to a maximum 
change in risk of an ACE by 0.05%, depending on the age 
and possible risk factors [14]. Although the delineation of 
the heart is partly outside the FOV of the CBCT, hence, a 
density of 1 g/cm3 is assigned, this did not influence the 
results for the MHD. Although the MHD is very similar 
between the image sets, the D1 and D2 results can vary 
significantly on individual bases as shown in Fig. 3. How-
ever, this result is not due to the correction method, but 
due to a different heart position between the rCT and 
pCT. Here it is shown that when a D1 or D2 dose devia-
tion > 2% is determined for any corrected CBCT com-
pared to the pCT, this was also always the case for the 
corresponding rCT. Conversely, in 4 out of the 10 cases 
a > 2% dose deviation on the rCT did not correspond to 
a > 2% dose deviation on the corrected CBCTs. No clear 
difference was observed between DIBH and free breath-
ing patients, indicating that a change in lung volume is 
not limited to either one of the groups. Differences in 
lung volume, and thereby a varying distance between 
the heart and thoracic wall, is most likely the reason for 
the change in heart dose, which can be caused by anxi-
ety or stress during CT acquisition. Hence, the rCT is 
not always an accurate representation of the position and 
can therefore result in suboptimal clinical decisions. The 
corrected CBCT therefore provides valuable informa-
tion and shows great promise as an indicative tool as the 
clinical treatment position is actually taken into account. 
It should also be mentioned that Van Den Bogaard et al. 

determined that the volume of the left ventricle receiving 
5 Gy and the mean dose to atherosclerotic plaque within 
the left anterior descending coronary artery (LAD) is a 
superior predictor for ACE. [13, 46] In the case of left-
sided breast treatment, the small region of higher dose 
might include the left ventricle or the LAD. As a conse-
quence, the difference in dose to the left ventricle might 
vary severely, resulting in a higher predicted ACE risk, 
while the MHD only varies slightly. Further work is 
required to accurately assess the possible increased ACE 
risk by taking the dosimetric changes to the left ventricle 
and LAD into account.

A limitation of this study is that the registration per-
formed for the dose evaluation in RayStation differs from 
the clinical procedure during CBCT evaluation. The 
rigid registration in RayStation is a three degrees of free-
dom grey level based registration, focused on the bone 
structures within the thoracic wall. The clinical auto-
matic registration in XVI is based on the thoracic wall, 
where after, if applicable, it is checked whether the surgi-
cal clips marking the surgical cavity are within 5 mm of 
their pCT position. As a result, the deviation between the 
clinical and RayStation registration might differ up to a 
few millimeters which was determined retrospectively. 
The effect of this difference is estimated to be negligible 
within the aims of this study. However, it should be taken 
into account when implementing this within a clinical 
procedure. A second limitation is the FOV of the CBCT, 
which in general does not encompass the whole patient 
but only relevant anatomy for position verification pur-
poses. A correction is therefore necessary for areas which 
are being traversed by beams outside the FOV. Ideally 
this is solved by copying densities from the reference CT 
to these areas outside the FOV [31, 47]. However, it was 
not possible to use this principle due to lack of function-
ality in the training of the deep learning model. There-
fore, in this study it is solved by assigning a density of 
1 g/cm3. Moreover, all the beams from the original pCT 
treatment plan, tangential conformal fields and small 
arcs, enter mainly through the FOV of the CBCT. A very 
limited amount of dose is delivered through the area of 
an assigned density of 1  g/cm3, which otherwise would 
also be very similar to this density. It is therefore assumed 
that within the scope of this study this effect is negligible. 
However, for other treatment sites using e.g. full arcs, this 
effect becomes more important and cannot accurately 
be solved by assigning a density of 1  g/cm3. The third 
and last limitation is the planning technique used in this 
study. All patients received a partial VMAT treatment, 
with a dose contribution of 70% from conformal beams 
and 30% from VMAT beams. All results within this study 
are based on this planning technique, while by chang-
ing the ratio of conformal to VMAT or by introducing 
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intensity-modulated radiation therapy (IMRT) the com-
plexity of the plan differs. As the dose assessment is 
affected by the complexity, the dose assessment of the 
corrected CBCTs might be different for different plan-
ning strategies. However, we expect that these effects are 
limited and would not influence the conclusions of this 
study.

Conclusion
The analytical correction and conversion, deep learning 
correction and virtual correction methods can be applied 
for an accurate CBCT correction that can be used for 
dose evaluation during the course of photon radiotherapy 
of breast cancer patients. The usage of corrected CBCTs 
therefore shows great promise in clinical implementation 
to determine whether the anatomical deviations result in 
clinical unacceptable dose deviations based on dose to 
OAR and target volumes that need a plan adaptation.

Abbreviations
ACE: Acute coronary event; CBCT: Cone beam computed tomography; CTV: 
Clinical tumor volume; CycleGAN: Cycle-generative adversarial network; DIBH: 
Deep inspiration breathhold; DL: Deep learning; FOV: Field of view; GPR: 
Gamma passing rate; HU: Hounsfield Unit; LAD: Left anterior descending coro-
nary artery; MAE: Mean absolute error; ME: Mean error; MHD: Mean heart dose; 
NTCP: Normal tissue complication probability; OAR: Organ at risk; ROI: Region 
of interest; TPS: Treatment planning system; VMAT: Volumetric modulated arc 
therapy; XVI: X-ray volumetric imaging.

Acknowledgements
The authors thank RaySearch laboratories, Sweden, for providing the environ-
ment for the deep learning network.

Author contributions
VH: Corresponding author, designed the study, performed analysis of the 
data, interpreted the data, wrote the manuscript. SA: Assisted in setting up the 
deep learning environment within RayStation, provided intensive feedback 
on the manuscript for multiple versions. JM: provided intensive feedback 
on the manuscript for multiple versions. HL: provided intensive feedback on 
the manuscript for multiple versions. SB: provided intensive feedback on the 
manuscript for multiple versions. MS: Assisted in designing the study, assisted 
in interpreting the data, provided intensive feedback on the manuscript for 
multiple versions. All authors have read and approved the final manuscript.

Funding
The environment for the deep learning network was provided by RaySearch 
laboratories, Sweden. No financial support was provided for research or any 
other activities relating to this environment for the deep learning network. The 
Department of Radiation Oncology in the UMC Groningen also has Research 
Agreements with IBA, MIRADA, Elekta, Siemens and RaySearch.

Availability of data and materials
All the obtained data used for data analysis within this study is available 
through Mendeley Datasets: Hamming, Vincent (2022), “Dose calculation on 
the CBCT”, Mendeley Data, V1, https:// doi. org/ 10. 17632/ b3dct hxfkt.1. The data 
is separated into a file with the dose statistics, the HU-values and the gamma 
passing rates.

Declarations

Ethics approval and consent to participate
All patient data were obtained as part of a prospective data registration 
program within the framework of routine clinical practice. The Dutch Medical 

Research Involving Human Subjects Act is not applicable to data collection 
as part of routine clinical practice. Therefore, this study was exempt from the 
ethical approval requirement by the hospital ethics committee.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Radiation Oncology, University Medical Center Groningen, 
University of Groningen, Hanzeplein 1, 9713 GZ Groningen, The Netherlands. 
2 RaySearch Laboratories, Stockholm, Sweden. 

Received: 8 September 2022   Accepted: 30 November 2022

References
 1. White SC, Pharoah MJ. Oral Radiology: principles and interpretation 4th 

ed. St Louis Mosby. 2000;535–53.
 2. Mah P, Reeves TE, McDavid WD. Deriving Hounsfield units using grey 

levels in cone beam computed tomography. Dentomaxillofacial Radiol. 
2010;39:323–35.

 3. Barrett JF, Keat N. Artifacts in CT: recognition and avoidance. Radiograph-
ics. 2004;24:1679–91. https:// doi. org/ 10. 1148/ rg. 24604 5065.

 4. Schulze R, Heil U, Groß D, Bruellmann DD, Dranischnikow E, Schwanecke 
U, et al. Artefacts in CBCT: a review. Dentomaxillofacial Radiol. 
2011;40:265–73.

 5. Remeijer P, Deurloo K, Eenink M, Geleijns K, Hermans J, Van Herpt H, De 
Kruijf W, Kusters M, D’Olieslager G, Sijtsema M and NVW. NCS Report 32: 
Quality assurance of cone-beam CT. Netherlands Comm Radiat Dosim. 
2019.

 6. Chen S, Le Q, Mutaf Y, Lu W, Nichols EM, Yi BY, et al. Feasibility of CBCT-
based dose with a patient-specific stepwise HU-to-density curve to 
determine time of replanning. J Appl Clin Med Phys. 2017;18:64–9.

 7. Razi T, Niknami M, Alavi GF. Relationship between Hounsfield Unit in 
CT Scan and Gray Scale in CBCT. J Dent Res Dent Clin Dent Prospects. 
2014;8:107–10.

 8. de Boer HCJ, Heijmen BJM. eNAL: an extension of the NAL setup correc-
tion protocol for effective use of weekly follow-up measurements. Int J 
Radiat Oncol Biol Phys. 2007;67:1586–95.

 9. Giacometti V, Hounsell AH, McGarry CK. A review of dose calculation 
approaches with cone beam CT in photon and proton therapy. Phys 
Medica. 2020;76:243–76. https:// doi. org/ 10. 1016/j. ejmp. 2020. 06. 017.

 10. Marchant TE, Moore CJ, Rowbottom CG, MacKay RI, Williams PC. Shading 
correction algorithm for improvement of cone-beam CT images in radio-
therapy. Phys Med Biol. 2008;53:5719–33.

 11. Zhu JY, Park T, Isola P, Efros AA. Unpaired Image-to-Image Translation 
Using Cycle-Consistent Adversarial Networks. Proc IEEE Int Conf Comput 
Vis. 2017;2017-Octob:2242–51.

 12. Darby SC, Ewertz M, McGale P, Bennet AM, Blom-Goldman U, Brønnum 
D, et al. Risk of ischemic heart disease in women after radiotherapy for 
breast cancer. N Engl J Med. 2013;368:987–98.

 13. Van Den Bogaard VAB, Ta BDP, Van Der Schaaf A, Bouma AB, Middag AMH, 
Bantema-Joppe EJ, et al. Validation and modification of a prediction 
model for acute cardiac events in patients with breast cancer treated 
with radiotherapy based on three-dimensional dose distributions to 
cardiac substructures. J Clin Oncol. 2017;35:1171–8.

 14. Boersma LJ, Sattler MGA, Maduro JH, Bijker N, Essers M, van Gestel 
CMJ, et al. Model-based selection for proton therapy in breast cancer: 
development of the national indication protocol for proton therapy and 
first clinical experiences. Clin Oncol. 2022;34:247–57. https:// doi. org/ 10. 
1016/j. clon. 2021. 12. 007.

 15. Langendijk JA, Lambin P, De Ruysscher D, Widder J, Bos M, Verheij M. 
Selection of patients for radiotherapy with protons aiming at reduction 
of side effects: The model-based approach. Radiother. 2013;107:267–73. 
https:// doi. org/ 10. 1016/j. radonc. 2013. 05. 007.

https://doi.org/10.17632/b3dcthxfkt.1
https://doi.org/10.1148/rg.246045065
https://doi.org/10.1016/j.ejmp.2020.06.017
https://doi.org/10.1016/j.clon.2021.12.007
https://doi.org/10.1016/j.clon.2021.12.007
https://doi.org/10.1016/j.radonc.2013.05.007


Page 11 of 11Hamming et al. Radiation Oncology          (2022) 17:205  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 16. Widder J, Van Der Schaaf A, Lambin P, Marijnen CAM, Pignol JP, Rasch CR, 
et al. The quest for evidence for proton therapy: model-based approach 
and precision medicine. Int J Radiat Oncol Biol Phys. 2016;95:30–6. 
https:// doi. org/ 10. 1016/j. ijrobp. 2015. 10. 004.

 17. Wang H, Barbee D, Wang W, Pennell R, Hu K, Osterman K. SU-F-J-109: gen-
erate synthetic CT from cone beam CT for CBCT-based dose calculation. 
Med Phys. 2016;43:3432.

 18. Gao L, Xie K, Wu X, Lu Z, Li C, Sun J, et al. Generating synthetic CT from 
low-dose cone-beam CT by using generative adversarial networks for 
adaptive radiotherapy. Radiat Oncol BioMed Central. 2021;16:1–16.

 19. Liu Y, Le Y, Wang T, Fu Y, Tang X, Sciences I, et al. CBCT-based synthetic 
CT generation using deep-attention cycleGAN for pancreatic adaptive 
radiotherapy. Med Phys. 2020;47:2472–83.

 20. Chen L, Liang X, Shen C, Jiang S, Wang J. Synthetic CT generation from 
CBCT images via deep learning. Med Phys. 2020;47:1115–25.

 21. Maspero M, Houweling AC, Savenije MHF, Van Heijst TCF, Verhoeff JJC, 
Kotte ANT, et al. PD-0310: CBCT-to-CT synthesis with a single neural net-
work for head-and-neck, lung and breast radiotherapy. Radiother Oncol. 
2020;152:S161.

 22. Kidar HS, Azizi H. Assessing the impact of choosing different deformable 
registration algorithms on cone-beam CT enhancement by histogram 
matching. Radiat Oncol. 2018;13(1):217.

 23. Shi L, Wang A, Wei J, Zhu L. Fast shading correction for cone-beam CT via 
partitioned tissue classification. Phys Med Biol. 2019;64:ab0475.

 24. Niu T, Sun M, Star-Lack J, Gao H, Fan Q, Zhu L. Shading correction for on-
board cone-beam CT in radiation therapy using planning MDCT images. 
Med Phys. 2010;37:5395–406.

 25. Wang X, Jian W, Zhang B, Zhu L, He Q, Jin H, et al. Synthetic CT generation 
from cone-beam CT using deep-learning for breast adaptive radiother-
apy. J Radiat Res Appl Sci. 2022;15:275–82. https:// doi. org/ 10. 1016/j. jrras. 
2022. 03. 009.

 26. Qiu RLJ, Lei Y, Kesarwala AH, Higgins K, M.D. JDB, Curran WJ, et al. Chest 
CBCT-based synthetic CT using cycle-consistent adversarial network with 
histogram matching. ProcSPIE. 2021.

 27. Thummerer A, de Jong BA, Zaffino P, Meijers A, Marmitt GG, Seco J, et al. 
Comparison of the suitability of CBCT- And MR-based synthetic CTs for 
daily adaptive proton therapy in head and neck patients. Phys Med Biol. 
2020;65:0–16.

 28. Kurz C, Maspero M, Savenije MHF, Landry G, Kamp F, Pinto M, et al. CBCT 
correction using a cycle-consistent generative adversarial network and 
unpaired training to enable photon and proton dose calculation. Phys 
Med Biol. 2019;64:0–16.

 29. Eckl M, Hoppen L, Sarria GR, Boda-Heggemann J, Simeonova-Chergou A, 
Steil V, et al. Evaluation of a cycle-generative adversarial network-based 
cone-beam CT to synthetic CT conversion algorithm for adaptive radia-
tion therapy. Phys Medica. 2020;80:308–16.

 30. Van Lin ENJT, Van Der Vight L, Huizenga H, Kaanders JHAM, Visser AG. 
Set-up improvement in head and neck radiotherapy using a 3D off-line 
EPID-based correction protocol and a customised head and neck sup-
port. Radiother Oncol. 2003;68:137–48.

 31. Dunlop A, McQuaid D, Nill S, Murray J, Poludniowski G, Hansen VN, et al. 
Vergleich unterschiedlicher CT-Kalibrierungsmethoden zur Dosisberech-
nung auf Basis der Kegelstrahlcomputertomographie. Strahlentherapie 
und Onkol. 2015;191:970–8.

 32. Fotina I, Hopfgartner J, Stock M, Steininger T, Lütgendorf-Caucig C, Georg 
D. Feasibility of CBCT-based dose calculation: comparative analysis of HU 
adjustment techniques. Radiother Oncol. 2012;104:249–56.

 33. De Smet M, Schuring D, Nijsten S, Verhaegen F. Accuracy of dose calcula-
tions on kV cone beam CT images of lung cancer patients. Med Phys. 
2016;43:5934–40.

 34. Richter A, Hu Q, Steglich D, Baier K, Wilbert J, Guckenberger M, et al. 
Investigation of the usability of conebeam CT data sets for dose calcula-
tion. Radiat Oncol. 2008;3:1–13.

 35. Marchant TE, Joshi KD, Moore CJ. Accuracy of radiotherapy dose calcula-
tions based on cone-beam CT: comparison of deformable registration 
and image correction based methods. Phys Med Biol. 2018. https:// doi. 
org/ 10. 1088/ 1361- 6560/ aab0f0.

 36. Onozato Y, Kadoya N, Fujita Y, Arai K, Dobashi S, Takeda K, et al. Evalua-
tion of on-board kV cone beam computed tomography e based dose 
calculation with deformable image registration using hounsfield unit 

modifications. Radiat Oncol Biol. 2014;89:416–23. https:// doi. org/ 10. 
1016/j. ijrobp. 2014. 02. 007.

 37. Abe T, Tateoka K, Saito Y, Nakazawa T, Yano M, Nakata K, et al. Method for 
converting cone-beam CT values into hounsfield units for radiation treat-
ment planning. Int J Med Physics, Clin Eng Radiat Oncol. 2017;06:361–75.

 38. Zhang Y, Yue N, Su MY, Liu B, Ding Y, Zhou Y, et al. Improving CBCT quality 
to CT level using deep learning with generative adversarial network. Med 
Phys. 2021;48:2816–26.

 39. Li Y, Zhu J, Liu Z, Teng J, Xie Q, Zhang L, et al. A preliminary study of using 
a deep convolution neural network to generate synthesized CT images 
based on CBCT for adaptive radiotherapy of nasopharyngeal carcinoma. 
Phys Med Biol. 2019;64:145010.

 40. Giacometti V, King RB, Agnew CE, Irvine DM, Jain S, Hounsell AR, et al. An 
evaluation of techniques for dose calculation on cone beam computed 
tomography. Br J Radiol. 2019;92:1–11.

 41. Macfarlane M, Wong D, Hoover DA, Wong E, Johnson C, Battista JJ, et al. 
Patient-specific calibration of cone-beam computed tomography data 
sets for radiotherapy dose calculations and treatment plan assessment. J 
Appl Clin Med Phys. 2018;19:249–57.

 42. Arai K, Kadoya N, Kato T, Endo H, Komori S, Abe Y, et al. Feasibility of CBCT-
based proton dose calculation using a histogram-matching algorithm 
in proton beam therapy. Phys Med. 2017;33:68–76. https:// doi. org/ 10. 
1016/j. ejmp. 2016. 12. 006.

 43. Liang X, Chen L, Nguyen D, Zhou Z, Gu X, Yang M, et al. Generating 
synthesized computed tomography (CT) from cone-beam computed 
tomography (CBCT) using CycleGAN for adaptive radiation therapy. Phys 
Med Biol. 2019;64:125002.

 44. Landry G, Hansen D, Kamp F, Li M, Hoyle B, Weller J, et al. Corrigendum: 
comparing Unet training with three different datasets to correct CBCT 
images for prostate radiotherapy dose calculations. Phys Med Biol. 2019. 
https:// doi. org/ 10. 1088/ 1361- 6560/ aaf496).

 45. Barateau A, De Crevoisier R, Largent A, Mylona E, Perichon N, Castelli J, 
et al. Comparison of CBCT-based dose calculation methods in head and 
neck cancer radiotherapy: from Hounsfield unit to density calibration 
curve to deep learning. Med Phys. 2020;47:4683–93.

 46. van den Bogaard VAB, Spoor DS, van der Schaaf A, van Dijk LV, Schuit E, 
Sijtsema NM, et al. The importance of radiation dose to the atheroscle-
rotic plaque in the left anterior descending coronary artery for radiation-
induced cardiac toxicity of breast cancer patients? Int J Radiat Oncol Biol 
Phys. 2021;110:1350–9.

 47. Veiga C, McClelland J, Moinuddin S, Lourenço A, Ricketts K, Annkah J, 
et al. Toward adaptive radiotherapy for head and neck patients: feasibility 
study on using CT-to-CBCT deformable registration for “dose of the day” 
calculations. Med Phys. 2014;41:031703.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.ijrobp.2015.10.004
https://doi.org/10.1016/j.jrras.2022.03.009
https://doi.org/10.1016/j.jrras.2022.03.009
https://doi.org/10.1088/1361-6560/aab0f0
https://doi.org/10.1088/1361-6560/aab0f0
https://doi.org/10.1016/j.ijrobp.2014.02.007
https://doi.org/10.1016/j.ijrobp.2014.02.007
https://doi.org/10.1016/j.ejmp.2016.12.006
https://doi.org/10.1016/j.ejmp.2016.12.006
https://doi.org/10.1088/1361-6560/aaf496)

	Daily dose evaluation based on corrected CBCTs for breast cancer patients: accuracy of dose and complication risk assessment
	Abstract 
	Objectives: 
	Materials and method: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Included patients
	CBCT correction methods
	HU-override correction
	Analytical correction and conversion
	Virtual CT
	Deep learning correction

	Image quality evaluation
	Dose calculation accuracy

	Results
	CBCT correction methods
	Image quality evaluation
	Dose calculation

	Discussion
	Conclusion
	Acknowledgements
	References


