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Abstract

This study evaluated unexpected dosimetric errors caused by machine control accu-

racy, patient setup errors, and patient weight changes/internal organ deformations.

Trajectory log files for 13 gynecologic plans with seven‐ or nine‐beam dynamic mul-

tileaf collimator (MLC) intensity‐modulated radiation therapy (IMRT), and differences

between expected and actual MLC positions and MUs were evaluated. Effects of

patient setup errors on dosimetry were estimated by in‐house software. To simulate

residual patient setup errors after image‐guided patient repositioning, planned dose

distributions were recalculated (blurred dose) after the positions were randomly

moved in three dimensions 0–2 mm (translation) and 0°–2° (rotation) 28 times per

patient. Differences between planned and blurred doses in the clinical target volume

(CTV) D98% and D2% were evaluated. Daily delivered doses were calculated from

cone‐beam computed tomography by the Hounsfield unit‐to‐density conversion

method. Fractional and accumulated dose differences between original plans and

actual delivery were evaluated by CTV D98% and D2%. The significance of accumu-

lated doses was tested by the paired t test. Trajectory log file analysis showed that

MLC positional errors were −0.01 ± 0.02 mm and MU delivery errors were

0.10 ± 0.10 MU. Differences in CTV D98% and D2% were <0.5% for simulated

patient setup errors. Differences in CTV D98% and D2% were 2.4% or less between

the fractional planned and delivered doses, but were 1.7% or less for the accumu-

lated dose. Dosimetric errors were primarily caused by patient weight changes and

internal organ deformation in gynecologic radiation therapy.
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1 | INTRODUCTION

Intensity‐modulated radiotherapy (IMRT) techniques are capable of

creating highly conformal dose distributions with sparing of normal

tissues. However, a previous study reported that the steep dose

distribution led to large dosimetric errors caused by several patient

setup errors.1 Therefore, an accurate setup is necessary.

To verify accurate patient setup, image‐guided radiation therapy

(IGRT) with cone‐beam computed tomography (CBCT) is an essential

technique. Patient setup with three‐dimensional matching using kV‐
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CBCT images improves the repeatability of patient positioning as

compared with conventional two‐dimensional matching.2 However,

the matching of planning CT and CBCT images is performed on the

assumption that there are no anatomical changes. In general, patient

weight changes, tumor shrinkage, and deformation of the internal

organs occur during the treatment period over 1 month. In particular,

the daily variations of bladder and rectum filling must be considered

for radiation therapy of the pelvic region.

Many studies have proposed methods for evaluation of the dosi-

metric effect of anatomical changes on the dose of the treatment

day by using the deformable image registration (DIR) technique.3–6

Although the DIR technique enables assessment of the dosimetric

effect of internal organ deformations, variations in patient weight

are not considered when assessing the effect on the dose of the

day.7 In addition, low contrast and artifacts of CBCT images cause

inaccuracies in DIR.8

In this study, we investigated dose calculations by using

CBCT images to evaluate the dosimetric effect of three factors:

mechanical control accuracy of the treatment machine, patient

setup errors, and interfractional geometric variations of target

and other structures. We classified the factors related to dosi-

metric differences between planned doses and delivered doses

into three categories and quantitatively evaluated their effect on

delivered doses.

2 | MATERIALS AND METHODS

2.A | Patient population

Thirteen consecutive patients who underwent IMRT of the whole

pelvis to treat cervical carcinoma at our institution were selected.

This retrospective study was approved by the ethics committee of

our institution.

2.B | Contouring

To improve the precision of the patient positioning reproducibility,

knees and ankles were fixed with a Vac‐Lok positioning bag (CIVCO,

Kalona, IA) for all patients. Planning computed tomography (CT)

images were acquired with a 3‐mm slice thickness (Toshiba Aquilion

LB, Canon Medical Systems, Ōtawara, Japan). All patients were

instructed to empty their bladders and rectums, but two were

instructed to drink 200 mL of water 1 hour before CT scans and

each treatment to spare the small bowel.

The clinical target volume (CTV) was defined as all areas of pri-

mary tumor and regional lymph nodes by an experienced radiation

oncologist. The delineations of pelvic lymph nodes were followed by

the guidelines of the Japan Clinical Oncology Group Gynecologic

Cancer Study Group.9 The internal target volume of the cervix was

defined as the volume expanded 15 mm in all directions, excluding

bones. Then, the planning target volume (PTV) margin of 7 mm in all

directions around the CTV was added to take into account setup

errors and uncertainties of inter/intrafractional organ motions. The

details of contouring CTVs and organs at risk (OARs) were reported

in Ref. [10].

2.C | Treatment planning

All patients were planned by using an Eclipse version 13.6 (Varian

Medical Systems, Palo Alto, CA) and an analytical anisotropic algo-

rithm. The resolution used for dose calculation was 2 mm in all

directions. IMRT plans were optimized on a seven‐ or nine‐beam
dynamic multileaf collimator (DMLC) delivery system using a 10‐MV

photon beam produced by a TrueBeam linear accelerator with a Mil-

lenium 120 MLC (Varian Medical Systems). The maximum speed of

leaf motion is 2.5 cm/s. All plans were carried out with fixed jaw

technique which keeps jaws in the same position during irradiation.

The dose prescribed to the PTV was 50.4 Gy in 28 daily fractions.

The planning goal was to achieve 50% or more of the PTV receiving

the prescription dose, 95% of the PTV receiving 98% of the pre-

scription dose, and then 0% of the PTV receiving 110% of the pre-

scription dose. In addition, dose constraints for OARs were followed

by the JCOG 1402 protocol.11

2.D | Evaluation of mechanical control accuracy

To evaluate the uncertainties in mechanical control, trajectory log

files were analyzed. The log file includes planned and recorded

machine parameters of MLC positions, gantry angle, jaw positions,

and accumulated monitor units (MUs). The time resolution of

recorded parameters for the log file of TrueBeam is 20 ms. In this

study, differences in the actual MLC positions and delivered MUs

from planned parameters were analyzed for all of the recorded data.

Log files of the first fraction were analyzed for all patients.

Plan parameters of all IMRT plans were calculated by using in‐
house software developed using the Eclipse scripting application pro-

gramming interface (API), version 13.6. The mean aperture size and

mean MLC gap width were calculated from the leaf positions for

each control point.

2.E | Simulations of dosimetric uncertainties caused
by patient setup errors

The simulation method was based on stochastic properties of rigid

motions.12 To investigate dosimetric uncertainties caused by patient

setup errors, in‐house software written by the Eclipse scripting API

was used to perform the simulations. This study simulated residual

setup errors after patient repositioning for CBCT‐based IGRT. Plan-

ning CT was used to evaluate the effect of pure setup error without

consideration of patient weight changes on dose delivery to CTV.

First, in‐house software blurred the planned doses for rotational and

translational setup errors in three dimensions. Previous study

reported that patient setup errors after repositioning with a six

degrees of freedom (6DOF) couch were 1.6±0.8 mm.13 Therefore,

planned doses were randomly blurred from 0 to 2 mm in translation

and from 0° to 2° in rotation and simulated 28 times per patient. In
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this work, dose blurring means that the isodose cloud was randomly

blurred. Therefore, this study did not consider inhomogeneity correc-

tion. Second, the maximum deviations in the CTV D98% and D2%

between the planned doses and blurred doses were evaluated.

2.F | CBCT‐based dose calculation

All patients underwent CBCT scans prior to every treatment. The

Varian On‐board Imager Spotlight protocol was used.14 The field of

view (FOV) was 26 cm in diameter. CBCT scans were matched onto

the planning CT scan according to the bony anatomy by using 3D/

3D matching. From the results of the 3D/3D matching, a patient was

repositioned on a PerfectPitch 6DOF couch (Varian Medical Sys-

tems). To evaluate dosimetric effects caused by variations in the

patient’s weight and deformations of the internal organs, CBCT‐
based dose calculations were performed by using PerFRACTION ver.

2.3.4 (SunNuclear, Melbourne, FL). The CBCT images with a small

FOV did not encompass the entire body outline, so the planning CT

images were used for the outside of the FOV with an online regis-

tration matrix. To consider the variations in patient weight, dose cal-

culations were performed within 2 cm outside of the body outline.

Dose calculations were performed with each Hounsfield unit (HU)‐
to‐density curve for planning CT images and CBCT images. CBCT‐
based delivered dose calculations of 358 images in 13 patients were

compared with the planned doses. Six fractions with data corruption

were excluded for dosimetric analysis. To remove the difference in

the dose calculation algorithm from the analysis results, the planned

dose was also recalculated according to the Collapsed‐Cone Convo-

lution/Superposition algorithm of PerFRACTION. The dose grid was

set to the same resolution as that of the treatment planning system

(2 mm) in all directions. CBCT‐based delivered doses were compared

with the planned doses for each treatment day and the accumulated

doses for the entire treatment.

Moreover, there has been no report comparing the planned dose

and a deformed accumulation dose of CBCT‐based dose calculation

for all fractions in the pelvic region. The purpose of this study was

to evaluate the deformed dose with commercial software without

performing any special image processing. Then, the deformed accu-

mulated dose was evaluated only in patients who had small inter-

fractional organ motion, CBCT images had no artifacts, and were

able to contour OARs (bladder, rectum, and femoral heads) on CBCT

images for all fractions. Fractional delivered dose was deformed to

planning CT using deformed vector field (DVF) generated with RayS-

tation ver.9.A (RaySearch Laboratories, Stockholm, Sweden). In this

study, hybrid DIR algorithm that uses both intensity‐based and struc-

ture‐based DIR was used.15 The online 3D/3D matching was used

for an initial rigid registration. Deformation accuracy was evaluated

using dice similarity coefficients (DSCs) of bladder, rectum, and

femoral heads.16 DSC measures the overlap volume between the

ROI contoured by planning CT and the ROI deformed from CBCT to

planning CT. DSC is widely used to evaluate deformation accuracy.

Finally, the deformed fractional delivered dose was accumulated.

Deformed accumulated doses were compared with the planned

doses for D98% and D2% of CTV and Dmean of OARs.

For dose comparisons of planned doses and CBCT‐based deliv-

ered doses, Student’s paired t test was used with R version 3.6.0

software (R Foundation, Vienna, Austria). Statistical significance was

set at the 5% level, P < 0.05.

3 | RESULTS

3.A | Evaluation of mechanical control accuracy

From log file analysis, the MLC positional errors and MU delivery

errors were −0.01 ± 0.02 mm and 0.10 ± 0.10 MU, respectively.

The mechanical accuracy of TrueBeam was found to be well below

the recommended tolerances by AAPM TG142.17 From the analysis

of plan parameters, the mean aperture size, mean differences in

MLC gap width, and mean total MU were 34.4 ± 20.5 cm2,

16.9 ± 9.9 mm, and 1528 ± 117 MU, respectively.

3.B | Simulations of dosimetric uncertainties for
patient setup errors

Table 1 shows the maximum differences between the blurred dose

and planned dose in each patient. For all patients, the differences in

the DVH parameters (D98% and D2%) from the original plan were

0.5% or less. Residual setup errors ≤2 mm and 2° did not affect the

target coverage.

3.C | Evaluation of fractional CBCT‐based delivered
dose

To investigate the effect of interfractional rigid or nonrigid geometric

variations on the CTV dose coverage, the planned dose and CBCT‐

TAB L E 1 Comparison of DVH parameters (D98% and D2%) between
the blurred dose and planned dose.

Patient ΔD98% (planned ‐ blurred) ΔD2% (planned ‐ blurred)

1 −0.5% 0.0%

2 −0.2% 0.0%

3 0.0% 0.0%

4 0.5% −0.1%

5 0.0% −0.3%

6 0.0% −0.5%

7 −0.5% −0.2%

8 0.5% 0.0%

9 0.0% 0.1%

10 0.0% −0.2%

11 0.0% −0.3%

12 0.1% −0.3%

13 0.0% 0.2%
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based fractional delivered doses were compared. Box and whisker

plots of the relative dose differences in the CTV D98% and D2% for

each treatment day are shown in Figs. 1 and 2. Differences in CTV

dose coverages were within 2.5% on all treatment day for all

patients. However, as evident in Fig. 1, patient 2 received systematic

dose increases, and patients 5 and 13 received systematic dose

reductions.

3.D | Evaluation of accumulated CBCT‐based
delivered dose

Figure 3 demonstrates box and whisker plots of dose differences in

the CTV D98% and D2% between the planned and accumulated deliv-

ered doses. Although the relative differences in the fractional deliv-

ered dose were 2.4% or less, those in the accumulated delivered

doses decreased to 1.7% or less for both the CTV D98% and D2%.

No significant differences in D98% (P = 0.051) and D2% (P = 0.132)

between the planned doses and delivered doses were observed.

After the visual assessments, DIR was performed on 2 to 13

patients who were able to be contoured without artifacts in all frac-

tions (patients 2 and 8). Table 2 shows the DSCs of bladder, rectum

and right/left femoral head. Except for the patient 8 bladder, the

DSCs exceeded 0.8, which was a sufficient deformation accuracy.18

Bladder of patient 8 had low DSC in some fractions due to interac-

tional volume variations.

Table 3 shows comparison of DVH parameters for the CTV,

bladder, rectum, and femoral heads between the deformed accumu-

lation doses and the planned doses for patients 2 and 8. In Fig. 3,

dose difference in the CTV D98% and D2% between the accumulated

delivered doses and the planned doses were within 1% for both

patients 2 and 8. Dose difference in the CTV D98% and D2%

between the deformed accumulation doses and the planned doses

were also within 1%. However, the dose difference of rectum in

patient 2 showed the large difference (4.6%). In addition, DVH

curves of patients 2 and 8 are shown in Fig. 4. In patient 8, the

DVH curve was consistent between the two doses, and the DVH

parameters were also consistent within 2% including OARs. In con-

trast to patient 8, patient 2 showed the inconsistency of DVH curve

between the two doses.

3.E | Effects of patient weight changes and internal
organ deformations

Figure 5 shows a comparison of planning CT, CBCT images, and

dose difference for patient 13 on fractions 13 and 14. The skin sur-

face changed over 1.5 cm from planning CT to CBCT image on frac-

tion 13 in Figs. 5(a) and 5(b). The bigger belly size on fraction 13

than that on planning CT represent large dose decrease in the CTV.

Figures 5(d)−5(f) shows an example of dose increase due to the

presence of gas pockets. As shown in Fig. 4(e), gas pocket that did

not exist at the time of planning CT was present on fraction 14.

Although the presence of the gas pocket caused over 5% dose

increases in the CTV and gas pocket, difference of CTV D2 between

planned dose and fractional delivered dose on fraction 14 was within

0.4%. Furthermore, Figs. 5(g) and 5(h) show DVH curves of patient

13 for fractions 13 and 14, respectively. Dose decreases caused by

the patient weight change for fraction 13 and dose increases caused

by gas pocket for fraction 14 were also seen in DVH curves.

4 | DISCUSSION

In this study, dosimetric uncertainties in radiation therapy were clas-

sified into three components and quantitatively evaluated. The log

file analysis results represent high accuracy of delivery parameters,

which includes leaf position and dose rate. Previous studies have

F I G . 1 . Box and whisker plots of the
relative dose differences in the clinical
target volume D98% between planned
doses and cone‐beam computed
tomography‐based fractional doses. The
central solid line and cross indicate the
median value and mean value, respectively.
The borders of the box indicate the 25th
and 75th percentiles. The outliers are
plotted as dots.
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reported high mechanical accuracy of TrueBeam used with the

VMAT technique,19,20 and the results of those studies are consistent

with those of the present study. In contrast to the VMAT technique,

the DMLC technique does not need to consider uncertainties

regarding gantry angle positioning. Rangel et al. reported that dose

differences caused by leaf positional errors for head‐and‐neck plans

with the DMLC technique were 5.6% per mm for the CTV‐equiva-
lent uniform dose (EUD).21 From the viewpoint of high accuracy of

MLC positioning (−0.01 ± 0.02 mm) in this study, the effect of

machine control accuracy on the dosimetric accuracy was relatively

smaller than other uncertainties. Although this study showed high

accuracy of MLC positioning, MLC positions indicated by the log file

are considered to contain intrinsic uncertainties. Neal et al. reported

that MLC positions derived from the log file differed by approxi-

mately 1 mm from actual MLC positions derived from electronic por-

tal imaging device‐based measurements.21 However, monitoring

MLC position errors during treatment is important for evaluations of

dose of the day.22–24

F I G . 2 . Box and whisker plots of the
relative dose differences in the clinical
target volume D2% between the planned
doses and cone‐beam computed
tomography‐based fractional doses. The
central solid line and cross indicate the
median value and mean value, respectively.
The borders of the box indicate the 25th
and 75th percentiles. The outliers are
plotted as dots.

F I G . 3 . Box and whisker plots of the
relative dose differences in the clinical
target volume D98% and D2% between
planned doses and cone‐beam computed
tomography‐based accumulated doses. The
central solid line and cross indicate the
median value and mean value, respectively.
The borders of the box indicate the 25th
and 75th percentiles. The outliers are
plotted as dots.

TAB L E 2 Dice similarity coefficients of bladder, rectum, and
femoral heads for patients 2 and 8.

Bladder Rectum
Femoral head
(R)

Femoral head
(L)

Patient

2

0.95 ± 0.02 0.92 ± 0.16 0.99 ± 0.01 0.99 ± 0.01

Patient

8

0.67 ± 0.24 0.80 ± 0.08 0.98 ± 0.01 0.99 ± 0.01

Abbreviation: Femoral head (R): right femoral head; Femoral head (L): left

femoral head
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Maximum dosimetric deviations of CTV D98% and D2% due to

residual setup errors ≤2 mm per 2° were 0.5% or less. This study

showed that dosimetric errors of CTV were small for residual setup

errors (2 mm/2°) since the PTV margin was set to 7 mm. Gucken-

berger et al. reported that residual setup errors after repositioning

with a 6DOF couch were 1.6 ± 0.8 mm with knee support.13

Therefore, 2 mm/2° was sufficient to simulate patient residual

setup error. The dosimetric errors in the CTV due to setup error

were sufficiently small when the patient repositioning with CBCT‐
based IGRT was performed and the PTV margin was set to 7 mm.

The PTV margin should be considered for methods to correct patient

setup errors, repositioning with 6DOF or 3DOF, and bony or tumor

matching.25

Compared with the small dosimetric errors caused by mechani-

cal control uncertainties and residual setup errors, the errors in

the fractional delivered doses led to large underdosing of the CTV

D98% for patients 5 and 13 in Fig. 1. These results showed that

the CTVs of patients 5 and 13 did not receive the prescription

dose during treatment. Therefore, CBCT‐based IGRT by bone

matching cannot ensure daily target coverage because of variations

in patient weight and deformations of internal organs. Therefore,

monitoring delivered doses during the treatment course should be

implemented in the clinical workflow to assure the delivered plan

quality. Many studies have reported the necessity of adaptive

strategies that consider the interfractional variations in bladder and

rectum filling.26–28 However, the dose differences in the CTV

D98% for 4 of 13 patients were within 1% during treatment. In

Fig. 1, the dose differences in the CTV D98% tended to be under-

dose in many cases. The effect of tissue edema caused by gyne-

cological chemo‐radiotherapy is considered for the main underdose

factor [Figs. 5(a)–5(c)]. On the other hand, gas pockets in the

digestive tract causes overdoses [Fig. 5(d)–5(e)]. Although the

effects of gas pocket vary from day to day, tissue edema affects

dosimetric error over the long term of treatment. Therefore, CTV

D98% tended to negative values in many cases in Fig. 1. Specifi-

cally, the magnitude of dose differences to a target strongly

depends on the patient. Another study by McParland et al.29 that

evaluated fractional doses to prostate cancers showed that the

dose differences to the prostate CTV D98% decreased by 3% for

the mean and 4.6% for the maximum. This inconsistency is attrib-

uted to the differences in the total treatment period, beam

energy, and image quality of CBCT.

In contrast to the evaluations of fractional doses, Fig. 3 shows

that the interfractional deformations of internal organs contributed

little to the dose differences in the accumulated dose. We found

that the factors reducing target coverage could be divided into

TAB L E 3 Comparison of DVH parameters between the deformed accumulation dose and the planned dose for patients 2 and 8.

ΔD98% (planned ‐ deformed) ΔD2% (planned ‐ deformed)
ΔDmean (planned ‐ deformed)

CTV Bladder Rectum Femoral head (R) Femoral head (L)

Patient 2 0.5% 0.6% 0.1% 4.6% 0.9% 1.6%

Patient 8 0.6% 0.0% 1.3% 0.5% 0.4% 1.4%

F I G . 4 . Dose‐volume histograms of clinical target volume, rectum, bladder, and femoral head (R, L) for patient 2 (a) and patient 8 (b). Solid
line is the planned dose calculated on planning computed tomography (CT) image, and dashed line is the delivered dose calculated on cone‐
beam CT images.
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random and systematic components. The random components were

interfractional organ deformation and patient setup errors.

As shown in Fig. 5(a−c), patient 13 showed weight gain during

treatment. This variation in patient’s weight caused dose decreases

in CTV. In addition, dose increases due to the appearance of the gas

pocket in rectum was detected as shown in Fig. 5(d−f). Previous

study has also reported the increase in dose due to the gas pocket

effect.30 These variations of delivered doses are considered as the

variation of Total Energy Released per unit Mass (TERMA) and

deformations of dose kernel in heterogeneous media. The random

presence of the gas pocket causes dose differences from the original

plan. In addition, gas pocket influences accuracy of dose calculation

based on CBCT images due to artifacts.

To ensure delivery of the prescribed dose for a patient, adaptive

radiation therapy (ART) can be considered to prevent or minimize

this dosimetric errors caused by patient body weight changes. A pre-

vious study discussed the importance of ART for head‐and‐neck can-

cer.31 Although the ART technique was generally focused on head‐
and‐neck cancers, the study showed that the ART technique could

be applied to the pelvic region. We think that evaluation of

(a) (b) (c)

(d)

(g) (h)

(e) (f)

F I G . 5 . Example of body weight changes for patient 13. (a) Planning computed tomography (CT) image for fraction 13, (b) cone‐beam CT
image for fraction 13, and (c) dose differences between the fractional planned and delivered dose. Example of anatomical changes for same
patient, 13. (d) Planning CT image for fraction 14. (e) CBCT image for fraction 14. (f) Dose differences between the fractional planned and
delivered dose. (a)−(c) and (d)−(f) show the same planes. Dose‐volume histograms of patient 13 for fraction 13 (g) and fraction 14 (h). Solid line
is the fractional planned dose calculated on planning CT image, and dashed line is the fractional delivered dose calculated on CBCT images.
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fractional delivered doses should be an essential quality assurance

technique used during the whole treatment course.

In this study, the HU‐to‐relative electron density (RED) conver-

sion method was applied for CBCT‐based dose calculations. A limita-

tion of this study was the inaccuracy of the CBCT‐based dose

calculation since poor image quality and inaccurate HU, compared

with those in planning CT, are caused by scatter photons in the

patient body and reconstruction techniques. However, Barateau

et al. found that the accuracy of the CBCT‐based dose calculation

for a pelvic anthropomorphic phantom was <2.4%.32 Consequently,

the calculation accuracy is sufficient for evaluation of fractional

doses but not for replanning. In addition, the advantage of the HU‐
to‐RED conversion method is that it is easy to introduce to a clinical

workflow. The improvements in image quality of CBCT with machine

learning have been recently investigated.33,34 Application of this

novel technique to evaluate delivered doses will be studied in the

future.

Dosimetric uncertainties caused by intrafraction motion are also

required to investigate the evaluation of dose delivery to the target.

However, since intrafraction organ motions are continuous, the accu-

rate dosimetric evaluation using CBCT which expresses only the

imaging moments is substantially difficult. Haripotepornkul et al mea-

sured the inter‐ and intrafractional movements of cervix with OBI.35

They reported that geometric uncertainty of cervix caused by inter-

fractional motion was larger than that of intrafractional motion.

Since the accumulated dose evaluation of CTV D98% indicated that

interfractional delivery errors were within 1.7%, the effect of

intrafractional motion is considered to be even smaller.

Hence, DIR should be introduced for more accurate evaluation

of fractional and accumulated dose differences in tumors and

OARs.36 Takayama et al. reported the high accuracy of DIR used

with a hybrid DIR algorithm that incorporates both contour‐based
registration and image intensity‐based registration for prostate can-

cer patients.15 However, in the case of gynecology with the large

fields including gastrointestinal tract, artifacts of CBCT images

caused by intestinal gas decrease accuracy of dose calculation and

deformable image registration.

Patients 2 and 8 instructed the bladder and rectum to be emp-

tied before planning CT and treatment. However, compared to

patient 8, patient 2 showed a larger difference from the planned

dose [seen in Fig. 4(a)]. Patient 2 also had large dosimetric errors of

CTV in Figs. 1 and 2. Figure 4 and Table 3 indicate that reproducibil-

ity of organ volume and gas pockets varies from patient to patient.

Although the deformed accumulation dose was evaluated only for

two patients without artifact in all fractions, as shown in Table 2,

deformation accuracy of hybrid DIR was smaller than previous

study.15 To improve accuracy of evaluation for accumulated deliv-

ered doses of OARs, generating synthesized CT image based on

CBCT by a machine learning algorithm33,34 will be introduced for

reducing artifact effects in future work. Then, actual delivered doses

of OARs will be analyzed with synthesized CT generated by CBCT

and hybrid DIR technique in next step.

The same trend was found in dosimetric errors of CTV accumu-

lated by rigid registration (Figs. 1 and 2) and dosimetric errors of

CTV and OARs accumulated by DIR (Fig. 4). Then, this study shows

the possibility of evaluating accumulated dosimetric errors of CTV

and OARs by fractional delivered dose error of CTV with commercial

software. When fractional delivered dose errors of CTV D98%

exceeds 2%, ART should be required to ensure delivery accuracy of

CTV and OARs. ART can eliminate the effects of dosimetry on

patient weight changes and gas pocket fluctuations in planning CT

and treatment.

Kershaw L et al reported that position errors of regional lymph

nodes were inconsistent with bone matching.25 Although the resid-

ual setup errors in bone matching were different for tumor and

lymph node, these setup errors were sufficiently covered by PTV

margin.

This work clarified that our institution could sufficiently deliver

prescription dose to CTV. Although enough margin was added to

CTV, interfractional variations of patient weight changes and gas

pocket caused large dose differences (~5%) seen in Fig. 5.

Not only expanding PTV margin, adaptive radiation therapy will

be required to eliminate these factors related to daily patient physio-

logical changes. Jensen et al reported feasibility of adaptive strategy

for cervical cancer therapy by daily CBCT‐based monitoring by radia-

tion therapists.37 This study showed that monitoring fractional deliv-

ered doses helps radiation oncologists and medical physicists in

decision making of replanning.

In conclusion, three categories of factors that contribute to

decreased dose delivery accuracy were evaluated in this study.

We found that patient weight variations and internal organ

deformations caused large target dose differences from the origi-

nal plan doses. Monitoring of delivered doses should be added

to a clinical workflow to periodically evaluate the delivered plan

quality.

ACKNOWLEDGMENTS

We wish to acknowledge valuable discussion and excellent assis-

tance with the member of Department of Radiation Oncology of

Juntendo University Hospital.

CONFLICT OF INTEREST

There is no conflict of interest related to this study.

AUTHOR CONTRIBUTION STATEMENT

All co‐authors revised the manuscript. Yohei Utena collected and

analyzed the data. Yohei Utena and Jun Takatsu prepared the manu-

script. Jun Takatsu is the corresponding author and designed the

study. Satoru Sugimoto provided supervision of the manuscript. Kei-

suke Sasai provided final approval of the manuscript.

UTENA ET AL. | 115



FUNDING INFORMATION

This study was not funded.

REFERENCES

1. Bos LJ, Van Der Geer J, Van Herk M, Mijnheer BJ, Lebesque JV,

Damen EMF. The sensitivity of dose distributions for organ motion

and set‐up uncertainties in prostate IMRT. Radiother Oncol.

2005;76:18–26.
2. Nabavizadeh N, Elliott DA, Chen Y, et al. Image guided radiation

therapy (IGRT) practice patterns and IGRT's impact on workflow and

treatment planning: results from a National Survey of American Soci-

ety for Radiation Oncology Members. Figure 1 2010 4. Radiother

Oncol. 2012;84:56–63.
3. Veiga C, McClelland J, Moinuddin S, et al. Toward adaptive radio-

therapy for head and neck patients: Feasibility study on using CT‐to‐
CBCT deformable registration for “dose of the day” calculations. Med

Phys. 2014;41:1–12.
4. Moteabbed M, Sharp GC, Wang Y, et al. Validation of a deformable

image registration technique for cone beam CT‐based dose verifica-

tion. Med Phys. 2015;42:196–205.
5. Marchant TE, Joshi KD, Moore CJ, et al. Accuracy of radiotherapy

dose calculations based on cone‐beam CT: comparison of deformable

registration and image correction based methods. Phys Med Biol.

2018;63:065003.

6. Qin A, Liang J, Han X, O’Connell N, Yan D. Technical note: the

impact of deformable image registration methods on dose warping.

Med Phys. 2018;45:1287–1294.
7. Van Zijtveld M, Dirkx M, Breuers M, Kuipers R, Heijmen B. Evalua-

tion of the “dose of the day” for IMRT prostate cancer patients

derived from portal dose measurements and cone‐beam CT. Radio-

ther. Oncol. 2010;96:172–177.
8. Kong VC, Marshall A, Chan HB. Cone beam computed tomography:

the challenges and strategies in its application for dose accumulation.

J Med Imaging Radiat Sci. 2016;47:92–97.
9. Toita T, Ohno T, Kaneyasu Y, et al. A consensus‐based guideline

defining the clinical target volume for pelvic lymph nodes in external

beam radiotherapy for uterine cervical cancer. Jpn J Clin Oncol.

2010;40:456–463.
10. Kunogi H, Yamaguchi N, Terao Y, Sasai K. Kidney‐sparing methods

for extended‐field intensity‐modulated radiotherapy (EF‐IMRT) in

cervical carcinoma treatment. PLoS One. 2016;11:1–11.
11. Murakami N, Okamoto H, Isohashi F, et al. A surveillance study of

intensity‐modulated radiation therapy for postoperative cervical can-

cer in Japan. J Radiat Res. 2015;56:735–741.
12. van Herk M, Remeijer P, Lebesque JV. Inclusion of geometric uncer-

tainties in treatment plan evaluation. Int J Radiat Oncol.

2002;52:1407–1422.
13. Guckenberger M, Meyer J, Wilbert J, Baier K, Sauer O, Flentje M.

Precision of image‐guided radiotherapy (IGRT) in six degrees of free-

dom and limitations in clinical practice. Strahlentherapie und Onkol.

2007;183:307–313.
14. Gardner SJ, Studenski MT, Giaddui T, et al. Investigation into image

quality and dose for different patient geometries with multiple cone‐
beam CT systems. Med Phys. 2014;41:1–12.

15. Takayama Y, Kadoya N, Yamamoto T, et al. Evaluation of the perfor-

mance of deformable image registration between planning CT and

CBCT images for the pelvic region: comparison between hybrid and

intensity‐based DIR. J Radiat Res. 2017;58:567–571.
16. Lee R. Dice measures of the amount of ecologic association

between species. Ecology. 1945;26:297–302.
17. Klein EE, Hanley J, Bayouth J, et al. Task group 142 report: quality

assurance of medical accelerators. Med Phys. 2009;36:4197–4212.

18. Park JM, Kim J, Park SY. Modulation indices and plan delivery accu-

racy of volumetric modulated arc therapy. J Appl Clin Med Phys.

2019;20:12–22.
19. Brock KK, Mutic S, McNutt TR, Li H, Kessler ML. Use of image reg-

istration and fusion algorithms and techniques in radiotherapy:

report of the AAPM Radiation Therapy Committee Task Group No.

132. Med Phys. 2017:44:e43–e76.
20. Van Herk M, Remeijer P, Rasch CRN, et al. Multi‐centre audit of

VMAT planning and pre‐treatment verification. Int J Radiat Oncol Biol

Phys. 2017;56:12–22.
21. Rangel A, Dunscombe P. Tolerances on MLC leaf position accuracy

for IMRT delivery with a dynamic MLC. Med Phys. 2009;36:3304–
3309.

22. Neal B, Ahmed M, Kathuria K, Watkins T, Wijesooriya K, Siebers J.

A clinically observed discrepancy between image‐based and log‐
based MLC positions. Med Phys. 2016;43:2933–2935.

23. Katsuta Y, Kadoya N, Fujita Y, et al. Quantification of residual dose

estimation error on log file‐based patient dose calculation. Phys Med-

ica. 2016;32:701–705.
24. LoSasso T, Chui CS, Ling CC. Physical and dosimetric aspects of a

multileaf collimation system used in the dynamic mode for imple-

menting intensity modulated radiotherapy. Med Phys. 1998;25:1919–
1927.

25. Kershaw L, van Zadelhoff L, Heemsbergen W, Pos F, van Herk M.

Image guided radiation therapy strategies for pelvic lymph node irra-

diation in high‐risk prostate cancer: motion and margins. Int J Radiat

Oncol Biol Phys. 2018;100:68–77.
26. van de Schoot AJAJ, de Boer P, Visser J, et al. Dosimetric advan-

tages of a clinical daily adaptive plan selection strategy compared

with a non‐adaptive strategy in cervical cancer radiation therapy.

Acta Oncol (Madr). 2017;56:667–674.
27. Ahmad R, Bondar L, Voet P, et al. A margin‐of‐the‐day online adap-

tive intensity‐modulated radiotherapy strategy for cervical cancer

provides superior treatment accuracy compared to clinically recom-

mended margins: a dosimetric evaluation. Acta Oncol (Madr).

2013;52:1430–1436.
28. Heijkoop ST, Langerak TR, Quint S, et al. Clinical implementation of

an online adaptive plan‐of‐the‐day protocol for nonrigid motion man-

agement in locally advanced cervical cancer IMRT. Int J Radiat Oncol

Biol Phys. 2014;90:673–679.
29. McParland N, Pearson M, Wong J, Sigur I, Stenger C, Tyldesley S.

Quantifying daily variation in volume and dose to the prostate, rec-

tum and bladder using cone‐beam computerised tomography. J

Radiother Pract. 2014;13:79–86.
30. Fidanzio A, Porcelli A, Azario L, et al. Quasi real time in vivo dosime-

try for VMAT. Med Phys. 2014;41:1–9.
31. Hansen EK, Bucci MK, Quivey JM, Weinberg V, Xia P. Repeat CT

imaging and replanning during the course of IMRT for head‐and‐neck
cancer. Int J Radiat Oncol Biol Phys. 2006;64:355–362.

32. Barateau A, Garlopeau C, Cugny A, et al. Dose calculation accuracy

of different image value to density tables for cone‐beam CT planning

in head & neck and pelvic localizations. Phys Medica. 2015;31:146–
151.

33. Landry G, Hansen D, Kamp F, et al. Corrigendum: comparing Unet

training with three different datasets to correct CBCT images for

prostate radiotherapy dose calculations. Phys Med Biol. 2019;64:16.

34. Li Y, Zhu J, Liu Z, et al. A preliminary study of using a deep convolu-

tion neural network to generate synthesized CT images based on

CBCT for adaptive radiotherapy of nasopharyngeal carcinoma. Phys

Med Biol. 2019;64:145010.

35. Haripotepornkul NH, Nath SK, Scanderbeg D, Saenz C, Yashar CM.

Evaluation of intra‐and inter‐fraction movement of the cervix during

intensity modulated radiation therapy. Radiother Oncol.

2011;98:347–351.

116 | UTENA ET AL.



36. Qin A, Gersten D, Liang J, et al. A clinical 3D/4D CBCT‐based treat-

ment dose monitoring system. J Appl Clin Med Phys. 2018;19:166–
176.

37. Jensen NBK, Assenholt MS, Fokdal LU, et al. Cone beam computed

tomography‐based monitoring and management of target and organ

motion during external beam radiotherapy in cervical cancer. Phys

Imaging Radiat Oncol. 2019;9:14–20.

UTENA ET AL. | 117


