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Background and purpose: Postoperative ultrahypofractionated radiation therapy (UHFRT) in 5 fractions (fx) for
breast cancer patients is as effective and safe as conventionally hypofractionated RT (HFRT) in 15 fx, liberating
time for higher-level daily online Image-Guided Radiation Therapy (IGRT) corrections. In this retrospective
study, treatment uncertainties occurring in patients treated with 5fx (5fx-group) were evaluated using electronic
portal imaging device (EPID)-based in-vivo dosimetry (EIVD) and compared with the results from patients
treated with conventionally HFRT (15fx-group) to validate the new technique and to evaluate if the shorter
treatment schedule could have a positive effect on the treatment uncertainties.

Materials and methods: EPID-based integrated transit dose images were acquired for each treatment fraction in the
5fx-group (203 patients) and on the first 3 days of treatment and weekly thereafter in the 15fx-group (203
patients). A total of 1015 EIVD measurements in the 5fx-group and 1144 in the 15fx-group were acquired. Of the
latter group, 755 had been treated with online IGRT correction (i.e., Online-IGRT 15fx-group).

Results: In the 15fx-group 12.0% of fractions failed (FFs) compared to 3.8% in the 5fx-group and 6.9% in the
online-IGRT 15fx-group. Causes for FFs in the 15fx-group compared with the 5fx-group were patient positioning
(7.4% vs. 2.2%), technical issues (3.1% vs. 1.2%) and breast swelling (1.4% vs. 0.5%). In the online-IGRT 15fx-
group, 2.5% were attributed to patient positioning, 3.8% to technical issues and 0.5% to breast swelling.
Conclusions: EIVD demonstrated that UHFRT for breast cancer results in less FFs compared to standard HFRT. A
large proportion of this decrease could be explained by using daily online IGRT.

1. Introduction

Quality assurance (QA) programs are designed to improve the
quality and the safety of radiation treatments, including machine- and
patient-specific QA [1,2]. The latter can be performed prior to treatment
(pre-treatment verification) or during beam delivery (in-vivo dosimetry,
IVD) [3,4]. IVD is recommended by many national and international
organizations as a dosimetric safety tool to avoid major errors and to
enhance accuracy [5-8]. Various IVD approaches are available
including the traditional point detector measurement approach of which
the use is limited for Intensity-Modulated Radiation Therapy (IMRT) and
Volumetric Modulated Arc Therapy (VMAT) due to many dose gradients

and angles of incidence [9]. Currently, IVD methods increasingly
introduced into clinical routine are electronic portal imaging device
(EPID) approaches. EPIDs are present on modern linear accelerators,
offering the possibility to perform patient position and dosimetric
verification in 2D/3D, and automation [9,10]. Several studies have
shown the sensitivity and effectiveness of EPID-based IVD (EIVD) for
different treatment sites and relevant deviations encountered in clinical
routine [11-14].

Recently, publications have reported the clinical use of a commer-
cially available automated system for EIVD for patient-specific QA and
IVD [15,16]. Bossuyt et al., published the first report of the clinical use of
this system for pre-treatment and EIVD, showing the system’s capability
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to detect various types of errors and deviations using empirically
determined parameters [16]. Olch et al. demonstrated the automated
EIVD’s potential to identify changes in patient anatomy, patient setup,
beam delivery and imager position [17,18].

In the treatment chain errors and uncertainties can occur that affect
the accuracy of the delivered dose to the patient. Experience shows that
setup and organ motion uncertainties are a major source of deviations
during EIVD verification procedures routinely practiced [19-21]. These
uncertainties can mainly be attributed to the use of the immobilization
devices, correction strategies, patient body habitus and expertise of
RTTs. To address the challenge of reproducing patient setup on a daily
basis and reducing geometrical uncertainties image-guided radio-
therapy (IGRT) protocols have been introduced. With the new on-board
imaging technologies, IGRT protocols can be broadly divided into offline
and online categories [22,23]. For the latter, daily pre-treatment posi-
tion verification and immediate correction of the setup deviation is
applied to improve patient positioning [24]. Leonard et al. reported that
a daily IGRT protocol can be successfully used in an accelerated hypo-
fractionated breast IMRT protocol for daily treatment accuracy [25]. On
the other hand, offline IGRT protocols including no-action-level (NAL)
and extended no-action-level (e-NAL) protocols require fewer images for
a predefined number of fractions, and then, a correction is performed on
subsequent fractions [26].

Additional uncertainties occurring due to motion from breathing or
coughing cause the deviation of delivered dose that can be observed in
dose-volume histograms (DVHs) [27]. Cervino et al. reported that deep
inspiration breath hold (DIBH) techniques can significantly mitigate
some of these uncertainties reducing tumour bed motion and increasing
heart and lung sparing [28]. It has been also reported that interfractional
positional errors are large with DIBH technique and errors associated
with these uncertainties can be minimized using a daily IGRT protocol
[29]. Following the publication of long-term results of the FAST Forward
trial [30,31], we implemented postoperative ultrahypofractionated RT
(UHFRT) after breast conserving surgery (BCS). In the current study, we
compared treatment uncertainties encountered in clinical routine in two
cohorts of patients treated with UHFRT and standard hypofractionated
RT (HFRT) schedules using an automated system for 2D EIVD. Secondly,
the influence of IGRT protocols was investigated. Lastly, the effects of
using breath hold techniques on treatment accuracy was investigated.

2. Materials and methods
2.1. Patient selection and ethics statement
From March to September 2020, a test group of 203 patients with

breast cancer was treated with UHFRT of 26 Gy in 5 consecutive frac-
tions (fx) during 1 week after BCS (i.e., 5fx-group); and one year before,

e
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a control group of 203 patients with breast cancer were treated with
conventionally HFRT of 40 Gy in 15 consecutive fx, during 3 weeks
following BCS (i.e., 15fx-group). Some left-sided breast cancer (LSBC)
patients in both groups were treated with the DIBH protocol. Patients
with bilateral breast cancer, with lymph node and chest wall RT were
excluded from this study. This study was approved by the Iridium Net-
werk ethics committee in June 2020 as a project for QA in healthcare.
Patient consent was waived by the institute for this retrospective study.

2.2. Treatment delivery and verification

All patients were immobilized using breast board arm supports and
treated with two tangential 6 MV dynamic IMRT photon beams. In order
to ensure precise and reproducible patient setup, online and offline
correction strategies were applied.

In the 5fx-group, each breast cancer patient was treated with the
online IGRT protocol due to the short length of the treatment course to
reduce systematic and random setup errors and identify the day-to-day
variation. This daily online IGRT protocol included comparing orthog-
onal kV-kV images with digitally reconstructed radiographs (DRRs)
generated from planning CT images. Immediate corrective action prior
to each treatment fraction was performed by automated adjustment of
the treatment couch in three dimensions when the shift exceeded the
action level of 3 mm. After the couch corrections, a tangential MV image
was acquired for final verification of treatment localization. In addition,
EPID-based integrated transit dose images were acquired for each
treatment fraction. Those were automatically retrieved via Digital Im-
aging and Communications in Medicine (DICOM) and analysed in Per-
FRACTION™ (part of SunCHECK™, Sun Nuclear Corporation) using a
local gamma analysis with a threshold of 20%, a dose difference (DD) of
7%, a distance to agreement (DTA) of 6 mm and a passing tolerance level
of 90% [15,16]. The fraction analysis was performed based on the
average value of passing tolerance level of all beams. Gamma parame-
ters for this EIVD were empirically determined along with an analysis of
causes and actions taken for FFs, demonstrating that the system was
sensitive enough to detect various types of errors and deviations as re-
ported by Bossuyt et al. [16] in their first report. A local gamma analysis
was performed because global analysis masked some problems [32], and
the Planning Target Volume (PTV) margin of 6 mm was chosen as dis-
tance tolerance, a patient shift within the PTV margin being considered
as clinically acceptable, as described in ref. [16]. The gamma index used
was considered clinically relevant in avoiding too many false negatives
and false positives [16].

In the 15fx-group, each breast cancer patient was treated with the
offline IGRT correction according to our NAL protocols. The kV-kV im-
ages were acquired on the first 3 days of the treatment, then the mean
setup errors were calculated and compared to a predefined threshold of

275 DIBH in 5fx

301 DIBH

843 non DIBH

740 non DIBH

===

Fig. 1. Schematic overview of the number of EIVD measurements in the DIBH/non-DIBH 5fx-group (online IGRT) in light blue color and DIBH/non-DIBH 15fx-group
in brown color (online IGRT in green color and offline IGRT in dark blue color). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Table 1
Details of statistical analysis between the 5fx-group and 15fx- group and be-
tween DIBH and non-DIBH subgroups (FFs and PFs; passed fractions).

Groups to compare Categorical x% (df,N) P-
variable value
5fx-group vs. 15fx-group EIVD MFs (FFs, x*(1,N = P<
PFs) 2159) = 47.5 0.01
Patient x*(1, N = P<
positioning 2159) = 31.6 0.01
Breast swelling  x*(1, N = =
2159) = 4.6 0.03
Technical x*(1,N = P<
issues 2159) = 9.6 0.01
5fx-group vs. Online-IGRT 15fx- EIVD MFs (FFs, x*(1, N = P<
group PFs) 770) = 8.2 0.01
Patient x(1,N=770) P=
positioning =0.2 0.63
Breast swelling x%(1, N = 770) =
=0.01 0.91
Technical x%(1, N = P<
issues 770) =13.5 0.01
DIBH 5fx-group vs. DIBH 15fx- EIVD MFs (FFs, x%(1, N = P<
group PFs) 576) = 7.0 0.01
Patient x%(1, N = P=
positioning 576) = 6.6 0.01
Breast swelling x%(1, N = 576) =
=0.1 0.73
Technical issues x%(1, N = 576) =
=09 0.34
DIBH 5fx-group vs. Online-IGRT EIVD MFs (FFs, x%(1, N = 479) =
DIBH 15fx-group PFs) = 4.3¢4 0.98
Patient x*(1,N=479) P=
positioning = 0.04 0.85
Breast swelling xz(l, N = 479) =
=15 0.22
Technical issues  x*(1, N = 479) =
=27 0.10
non-DIBH 5fx-group vs. non-DIBH EIVD MFs (FFs, x3(1, N = P<
15fx-group PFs) 1583) = 40.5 0.01
Patient x%(1, N = P<
positioning 1583) = 24.9 0.01
Breast swelling ~ x*(1, N = =
1583) = 5.1 0.02
Technical x%(1,N = P<
issues 1583) = 8.8 0.01
non-DIBH 5fx-group vs. Online- EIVD MFs (FFs, x*(1,N = P<
IGRT non-DIBH 15fx-group PFs) 1291) =9.7 0.01
Patient x*(1,N = =
positioning 1291) = 0.2 0.66
Breast swelling x%(1, N = =
1291) = 0.6 0.44
Technical x%(1, N = P<
issues 1291) = 12.6 0.01
DIBH 5fx-group vs. non-DIBH 5fx- EIVD MFs (FFs, x2(1, N= P=
group PFs) 1015) = 0.9 0.35
Patient x*(1,N = P=
positioning 1015) = 3.7 0.99
et
Breast swelling xz(l, N= P=
1015) = 0.4 0.52
Technical x%(1, N = =
issues 1015) = 4.5 0.03
DIBH 15fx-group vs. non-DIBH EIVD MFs (FFs, x%(1, N = =
15fx-group PFs) 1144) = 6.2 0.01
Patient xz(l, N= =
positioning 1144) =0,4 0.55
Breast swelling x*(1,N = P=
1144) = 0.5 0.49
Technical x%(1,N = P<
issues 1144) = 10.6 0.01
Online-IGRT DIBH 15fx-group vs. EIVD MFs (FFs, x*(1, N = P<
Online-IGRT non-DIBH 15fx- PFs) 755) = 6.8 0.01
group Patient x%(1, N = 755) =
positioning =0.01 0.94
Breast swelling x%(1, N = 755) =
=15 0.22
Technical x*(1, N = P<
issues 755) = 8.5 0.01
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3 mm, if this mean value exceeded the threshold, then a correction was
performed on the 4th day and for all subsequent fractions. Furthermore,
EPID-based integrated transit dose images were acquired on the first 3
days of treatment and weekly thereafter. If a measured fraction did not
pass the gamma analysis, additional kV-kV, MV and transit dose images
were acquired the next day. The fractions where pre-treatment kV-kV
imaging was performed to verify (and correct if necessary) positioning
were classified as a subgroup of the 15fx-group (i.e., Online-IGRT 15fx-
group).

The influence of the Deep Inspiration Breath Hold (DIBH) technique
on patient setup accuracy was also investigated in both the 5fx-group
and 15fx-group. Subgroups of the 5fx-group (i.e., DIBH 5fx-group) and
15fx-group (i.e., DIBH 15fx-group) were formed with 55 LSBC patients
each. The fractions where pre-treatment kV-kV imaging was performed
to verify (and correct if necessary) positioning were classified as a
subgroup of the DIBH 15fx-group (i.e.; Online-IGRT DIBH 15fx-group).
Breast cancer patients not treated with DIBH technique were classified
as patients in the non-DIBH 5fx-group and the non-DIBH 15fx-group.

2.3. Outcome assessment

The 2D gamma analysis results of the EIVD were retrieved from the
database and a retrospective assessment was performed by evaluating
comments related to the failed fractions (FFs) from both medical phys-
icists and radiation oncologists in the software application and patient
file. The deviations and errors detected are reported in terms of failed
fractions (FFs), not passing the tolerance level. All causes of deviations
were investigated and classified in 3 main categories: (1) patient posi-
tioning; (2) technical issues (i.e. wrong imager position, beam inter-
rupted and imager calibration) and (3) breast swelling. For each failed
fraction, only a single specific cause was assigned. If a failure was due to
more than one reason, the cause with the largest contribution to the
failure was assigned [15,16]. The breakdown of patient categories
including the total number of measured fractions in each group (DIBH/
non-DIBH) is shown in Fig. 1.

A total of 2159 measured fractions (MFs) of EIVD were analysed:
1015 MFs in the 5fx-group and 1144 MFs in the 15fx-group. Of the latter
group, 755 had been treated with an online IGRT protocol (i.e. Online-
IGRT 15fx-group). In the subgroups, a total of 576 MFs of EIVD were
analysed in LSBC patients treated with DIBH technique: 275 in the DIBH
5fx-group and 301 in the DIBH 15fx-group, of which 204 had been
treated with an online IGRT protocol (i.e. Online-IGRT DIBH 15fx-
group). In the non-DIBH cohorts, 1583 MFs of EIVD were analysed:
740 in the non-DIBH 5fx-group and 843 in the non-DIBH 15fx-group, of
which 551 had been treated with online IGRT protocol (i.e. Online-IGRT
non-DIBH 15fx-group).

2.4. Statistical analysis

A Chi-Square test for two independent samples was used to test for
significance of differences in EIVD measurements, in patient positioning,
breast swelling and technical issues between the groups. The statistical
analysis also included the evaluation of the P-value, degrees of freedom
and sample sizes. A P-value < 0.05 was considered a statistically sig-
nificant difference.

3. Results

Significant differences were found between the 5fx-group and the
15fx-group (Table 1). In the 5fx-group 3.8% of fractions failed compared
to 12.0% in the 15fx-group. Reported causes for these FFs were classified
into patient positioning (7.4%), technical issues (3.1%) and breast
swelling (1.4%) in the 15fx-group, compared to 2.2%, 1.2% and 0.5% in
the 5fx-group respectively. However, between the 5fx-group and the
online-IGRT 15fx-group significant differences were found only in
technical issues (Table 1). In the online-IGRT 15fx-group 6.9% of
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Fig. 2. Causes of failed fractions in the 5fx-group, 15fx-group and online-IGRT 15fx-group: patient positioning, technical issues and breast swelling.
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Fig. 3. Causes of failed fractions in the DIBH subgroups: patient positioning, technical issues and breast swelling.
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Fig. 4. Causes of failed fractions in the non-DIBH subgroups: patient positioning, technical issues and breast swelling.

fractions failed of which 2.5% were attributed to patient positioning,
3.8% to technical issues and 0.5% to breast swelling. Causes of FFs in the
5fx-group, 15fx-group and online-IGRT 15fx-group are shown in Fig. 2.

The same trend of results is visible in the DIBH and non-DIBH sub-
groups. Significant differences were found between the 5fx-groups and
the 15fx-groups (DIBH/non-DIBH).

In the DIBH 5fx-group, 2.9% of fractions failed compared to 8.0% in
the DIBH 15fx-group and 2.9% in the online-IGRT DIBH 15fx-group.
Causes for these FFs were patient positioning (6.6%), technical issues
(0.3%) and breast swelling (1.0%) in the DIBH 15fx-group, compared to
2.2%, 0.0% and 0.7% in the DIBH 5fx-group and 2.5%, 0.5% and 0.0% in
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the online-IGRT DIBH 15fx-group respectively. Significant differences
were found only between the DIBH 5fx-group and the DIBH 15fx-group
in patient positioning here (Table 1). Details of causes for the FFs in the
DIBH 5fx-group, DIBH 15fx-group and online-IGRT DIBH 15fx-group are
shown in Fig. 3.

In the non-DIBH 5fx-group, 4.2% of fractions failed compared to
13.4% in the non-DIBH 15fx-group and 8.3% in the online-IGRT non-
DIBH 15fx-group. Causes for these FFs were patient positioning (7.7%),
technical issues (4.2%) and breast swelling (1.5%) in the non-DIBH
15fx-group, compared to 2.2%, 1.6% and 0.4% in the non-DIBH 5fx-
group and 2.5%, 5.1% and 0.7% in the online-IGRT non-DIBH 15fx-
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group respectively. Significant differences between the non-DIBH 5fx-
group and the online-IGRT non-DIBH 15fx-group were found only in
technical issues. The details of main causes of FFs in the non-DIBH 5fx-
group, non-DIBH 15fx-group and Online-IGRT non-DIBH 15fx-group are
shown in Fig. 4.

4. Discussion

This study demonstrated that treatment uncertainties encountered in
breast cancer patients treated with UHFRT were smaller than for breast
cancer patients treated with the standard HFRT (3.8% of failed fractions
compared to 12.0%). The evaluation of the cause of the FFs indicated
that there was a significant influence of patient positioning on setup
accuracy and reproducibility. The effect of online/offline IGRT protocols
and the DIBH protocol was investigated and showed that there was a
significant decrease of deviations and errors using a daily IGRT verifi-
cation protocol. The effect of the shorter treatment schedule on breast
swelling was negligible.

Treatment uncertainties were evaluated using an electronic portal
imaging device (EPID)-based in-vivo dosimetry (EIVD). Daily automated
EIVD (forward projection approach) became the reference standard in
UHFRT for breast cancer in our department because of short fraction
schedules (26 Gy in 5 fractions) and high doses per fraction (5.2 Gy). In
the 5fx-group, which was treated with the daily online IGRT correction
protocol, only 3.8% of fractions failed 2D gamma criteria, of which 1.2%
were false positive (FP) results compared to 12% of failed fractions, of
which 3.1% were FP results in the 15fx-group treated with NAL offline
IGRT correction protocol. There was a decrease for all causes in the 5fx-
group compared to the 15fx-group and the online-IGRT 15fx-group. The
difference between the 5fx-group and the online-IGRT 15fx-group,
however, was not statistically significant for breast swelling and pa-
tient positioning suggesting that the daily online IGRT protocol might be
the main explanation of superior results in the 5fx-group. The technical
issues were mainly related to wrong imager position and in the 5fx-
group this rate was lower because all patients were treated more
recently following an introduction of improved imager shifting pro-
tocols. This implies that the daily online IGRT correction protocol
significantly contributes to the reduction of setup and anatomical un-
certainties compared with NAL offline IGRT correction protocol. It has
been reported that offline IGRT strategies act on systematic effects while
online IGRT strategies act on both systematic and random effects
[33,22]. Zeidan et al. concluded that residual setup errors were reduced
with increasing frequency of IGRT during the course of RT [34]. How-
ever, the benefits of daily IGRT need to be balanced against the costs,
added time, doses and institutional-based PTV margins. Additionally,
our results showed that residual setup errors remain present after the
daily online IGRT correction because rigid registration fails to correct
target deformation and anatomical motion of normal tissues and target
during treatment [35].

NAL offline IGRT protocol lacks the capacity to mitigate residual
errors as it employs imaging only during the first few fractions of the
treatment. This approach may become sub-optimal in case of time trends
in the displacement of patient. However, in e-NAL offline IGRT correc-
tion protocol, a weekly follow-up measurement can reduce residual
uncertainties [36], at the cost of a higher frequency of imaging sessions
and thus resulting in larger workload and imaging dose than the NAL
protocol. Our EIVD analysis for the 15fx-group indicated that by
acquiring daily online IGRT most deviations due to breast swelling and
patient positioning would remain within tolerance level, and the num-
ber of FFs might be reduced to the level of the 5fx-group. This suggests
treatment uncertainties in the 15fx-group would become comparable to
the 5fx-group, if daily online IGRT would be used.

The combined effects of positioning errors and breathing motion can
also introduce significant deviations. From Figs. 3 and 4, a significant
decrease of FFs due to patient positioning is observed in both the DIBH
and non-DIBH 5fx-group (2.2%/2.2%) compared to 6.6% and 7.7% in
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the DIBH and non-DIBH 15fx-group respectively. However, this signif-
icant difference in patient positioning is not observed between the
DIBH/non-DIBH 5fx-groups and the online-IGRT DIBH/non-DIBH 15fx
groups, suggesting that the daily online IGRT protocol might again be
the main explanation of superior results.

Statistically significant differences were found between the DIBH
15fx-group (8.0% of FFs) and the non-DIBH 15fx-group (13.4% of FFs),
suggesting that the combination of the DIBH and daily online IGRT
protocol might reduce setup and organ motion residual uncertainties.
However, further analysis between the DIBH and non-DIBH groups
showed that there was no statistically significant difference in patient
positioning or breast swelling suggesting that the use of the DIBH pro-
tocol does not have any significant influence on setup accuracy and
reproducibility. There was only a statistically significant difference in
technical issues. This was due to the type of machine used. All the DIBH
patients were treated on new generation machines, while most of the
non-DIBH patients were treated on old generation machines experi-
encing more calibration and imager position problems, and incomplete
acquired images.

In conclusion, two-dimensional EIVD demonstrated that UHFRT for
breast cancer results in less failed fractions compared to standard HFRT.
A large proportion of this decrease could be explained by the use of a
daily online IGRT correction protocol. Subsequently, the combined use
of DIBH technique and daily online IGRT protocol could not assist in a
larger reduction of residual uncertainties.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
The authors have an on-going scientific collaboration with Sun Nuclear
Corporation.

Acknowledgments

The research is supported by the Islamic Development Bank (IsDB) as
the primary funder, the Iridium Netwerk and VUB. The authors would
like to acknowledge the radiation oncologists, radiation therapists, and
medical physicists of Iridium Netwerk and VUB for their cooperation.

References
[1] Zhu TC, Stathakis S, Clark JR, Feng W, Georg D, Holmes SM, et al. Report of AAPM
Task Group 219 on independent calculation-based dose/MU verification for IMRT.
Med Phys 2021;48:e808-29. https://doi.org/10.1002/mp.15069.
Miften M, Olch A, Mihailidis D, Moran J, Pawlicki T, Molineu A, et al. Tolerance
limits and methodologies for IMRT measurement-based verification QA:
recommendations of AAPM Task Group No. 218. Med Phys. 2018; 45:e53-e83.
https://doi.org/10.1002/mp.12810.
MacDougall ND, Graveling M, Hansen VN, Brownsword K, Morgan A. In vivo
dosimetry in UK external beam radiotherapy: current and future usage. Br J Radiol
2017;90. https://doi.org/10.1259/bjr.20160915.
Kang S, Li J, Ma J, Zhang W, Liao X, Qing H, et al. Evaluation of interfraction setup
variations for postmastectomy radiation therapy using EPID-based in vivo
dosimetry. J Appl Clin Med Phys 2019;20:43-52. https://doi.org/10.1002/
acm2.12712.
Mijnheer B, Beddar S, Izewska J, Reft C. In vivo dosimetry in external beam
radiotherapy. Med Phys 2013;40. https://doi.org/10.1118/1.4811216.
Fiorino C, Corletto D, Mangili P, Broggi S, Bonini A, Cattaneo GM, et al. Quality
assurance by systematic in vivo dosimetry: results on a large cohort of patients.
Radiother Oncol 2000;56:85-95. https://doi.org/10.1016/50167-8140(00)00195-
X.
Noel A, Aletti P, Bey P, Malissard L. Detection of errors in individual patients in
radiotherapy by systematic in vivo dosimetry. Radiother Oncol 1995;34:144-51.
https://doi.org/10.1016/0167-8140(94)01503-U.
Celi S, Costa E, Wessels C, Mazal A, Fourquet A, Francois P. EPID based in vivo
dosimetry system: clinical experience and results. J Appl Clin Med Phys 2016;17:
262-76. https://doi.org/10.1120/jacmp.v17i3.6070.
Olaciregui-Ruiz I, Beddar S, Greer P, Jornet N, McCurdy B, Paiva-Fonseca G, et al.
In vivo dosimetry in external beam photon radiotherapy: Requirements and future
directions for research, development, and clinical practice. Phys Imaging Radiat
Oncol 2020;15:108-16. https://doi.org/10.1016/j.phro.2020.08.003.

[2]

[3

=

[4]

[5]

[6]

71

(8]

[9]


https://doi.org/10.1002/mp.15069
https://doi.org/10.1259/bjr.20160915
https://doi.org/10.1002/acm2.12712
https://doi.org/10.1002/acm2.12712
https://doi.org/10.1118/1.4811216
https://doi.org/10.1016/S0167-8140(00)00195-X
https://doi.org/10.1016/S0167-8140(00)00195-X
https://doi.org/10.1016/0167-8140(94)01503-U
https://doi.org/10.1120/jacmp.v17i3.6070
https://doi.org/10.1016/j.phro.2020.08.003

Y.A.C. Fiagan et al.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Mans A, Wendling M, McDermott LN, Sonke JJ, Tielenburg R, Vijlbrief R, et al.
Catching errors with in vivo EPID dosimetry. Med Phys 2010;37:2638-44. https://
doi.org/10.1118/1.3397807.

Feng B, Yu L, Mo E, Chen L, Zhao J, Wang J, et al. Evaluation of daily CT for EPID-
based transit in vivo dosimetry. Front Oncol 2021;11. https://doi.org/10.3389/
fonc.2021.782263.

Mijnheer B, Olaciregui-Ruiz I, Rozendaal R, Spreeuw H, van Herk M, Mans A.
Current status of 3D EPID-based in vivo dosimetry in The Netherlands Cancer
Institute. J Phys: Conf Ser 2015;573. https://doi.org/10.1088/1742-6596/573/1/
012014.

Bedford JL, Hanson IL, Hansen VN. Comparison of forward- and back-projection in
vivo EPID dosimetry for VMAT treatment of the prostate. Phys Med Biol 2018;63.
https://doi.org/10.1088,/1361-6560/aa9¢60.

Esposito M, Piermattei A, Bresciani S, Orlandini LC, Falco MD, Giancaterino S,

et al. Improving dose delivery accuracy with EPID in vivo dosimetry: results from a
multicenter study. Strahlenther Onkol 2021;197:633-43. https://doi.org/10.1007/
s00066-021-01749-6.

Fiagan YAC, Bossuyt E, Nevens D, Dirix P, Theys F, Gevaert T, et al. In vivo
dosimetry for patients with prostate cancer to assess possible impact of bladder and
rectum preparation. Tech Innov Patient Support Radiat Oncol 2020;16:65-9.
https://doi.org/10.1016/j.tipsro.2020.10.005.

Bossuyt E, Weytjens R, Nevens D, De Vos S, Verellen D. Evaluation of automated
pre-treatment and transit in-vivo dosimetry using empirically determined
parameters. Phys Imaging Radiat Oncol 2020;16:113-29. https://doi.org/
10.1016/j.phro.2020.09.011.

Olch AJ, O’Meara K, Wong KK. First report of the clinical use of a commercial
automated system for daily patient QA using EPID exit images. Adv Radiat Oncol
2019;4:722-8. https://doi.org/10.1016/j.adro.2019.04.001.

Zhuang AH, Olch AJ. Sensitivity study of an automated system for daily patient QA
using EPID exit dose images. J Appl Clin Med Phys 2018;19:114-24. https://doi.
org/10.1002/acm2.12303.

Li J, Piermattei A, Wang P, Kang S, Xiao M, Tang B, et al. Setup in a clinical
workflow and impact on radiotherapy routine of an in vivo dosimetry procedure
with an electronic portal imaging device. PLoS ONE 2018;13. https://doi.org/
10.1371/journal.pone.0192686.

Abubakar A, Zamri NAM, Shaukat SI, Mohd ZH. Automated algorithm for
calculation of setup corrections and planning target volume margins for offline
image-guided radiotherapy protocols. J Appl Clin Med Phys 2021;22:137-46.
https://doi.org/10.1002/acm2.13291.

Rudat V, Hammoud M, Pillay Y, Alaradi AA, Mohamed A, Altuwaijri S. Impact of
the frequency of online verifications on the patient set-up accuracy and set-up
margins. Radiat Oncol 2011;6:101. https://doi.org/10.1186/1748-717X-6-101.
Verellen D, De Ridder M, Linthout N, Tournel K, Soete G, Storme G. Innovations in
image-guided radiotherapy. Nat Rev Cancer 2007;7:949-60. https://doi.org/
10.1038/nrc2288.

Verellen D, De Ridder M, Storme G. A (short) history of image-guided
radiotherapy. Radiother Oncol 2008;86:4-13. https://doi.org/10.1016/j.
radonc.2007.11.023.

Boda-Heggemann J, Lohr F, Wenz F, Flentje M, Guckenberger M. kV cone-beam
CT-based IGRT: a clinical review. Strahlenther Onkol 2011;187:284-91. https://
doi.org/10.1007/s00066-011-2236-4.

90

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Physics and Imaging in Radiation Oncology 22 (2022) 85-90

Leonard CE, Tallhamer M, Johnson T, Hunter K, Howell K, Kercher J, et al. Clinical
experience with image-guided radiotherapy in an accelerated partial breast
intensity-modulated radiotherapy protocol. Int J Radiat Oncol Biol Phys 2010;76:
528-34. https://doi.org/10.1016/j.ijrobp.2009.02.001.

Martens D, Luesink M, Huizenga H, Pasma KL. eNAL++: a new and effective off-
line correction protocol for rotational setup errors when using a robotic couch.

J Appl Clin Med Phys 2015;16:177-85. https://doi.org/10.1120/jacmp.
v16i6.5583.

Yamauchi R, Mizuno N, Itazawa T, Saitoh H, Kawamori J. Dosimetric evaluation of
deep inspiration breath hold for left-sided breast cancer: analysis of patient-specific
parameters related to heart dose reduction. J Radiat Res 2020;61:447-56. https://
doi.org/10.1093/jrr/rraa006.

Cervino LI, Gupta S, Rose MA, Yashar C, Jiang SB. Using surface imaging and visual
coaching to improve the reproducibility and stability of deep-inspiration breath
hold for left-breast-cancer radiotherapy. Phys Med Biol 2009;54:6853-65. https://
doi.org/10.1088/0031-9155/54/22/007.

Kapanen M, Laaksomaa M, Pehkonen J, Haltamo M, Luukkanen H, Lehtonen T,
et al. Effects of multiple breath hold reproducibility on treatment localization and
dosimetric accuracy in radiotherapy of left-sided breast cancer with voluntary deep
inspiration breath hold technique. Med Dosim 2017;42:177-84. https://doi.org/
10.1016/j.meddos.2017.02.004.

Murray Brunt A, Haviland JS, Wheatley DA, Sydenham MA, Alhasso A,
Bloomfield DJ, et al. Hypofractionated breast radiotherapy for 1 week versus 3
weeks (FAST-Forward): 5-year efficacy and late normal tissue effects results from a
multicentre, non-inferiority, randomised, phase 3 trial. Lancet 2020;395:1613-26.
https://doi.org/10.1016/50140-6736(20)30932-6.

Brunt AM, Haviland JS, Sydenham M, Agrawal RK, Algurafi H, Alhasso A, et al.
Ten-year results of FAST: a randomized controlled trial of 5-fraction whole-breast
radiotherapy for early breast cancer. J Clin Oncol 2020;38:3261-72. https://doi.
org/10.1200/jco.19.02750.

Carrasco P, Jornet N, Latorre A, Eudaldo T, Ruiz A, Ribas M. 3D DVH-based metric
analysis versus per-beam planar analysis in IMRT pretreatment verification. Med
Phys 2012;39:5040-9. https://doi.org/10.1118/1.4736949.

International Atomic Energy Agency. Introduction of Image Guided Radiotherapy
into Clinical Practice, Human Health Reports N° 16. Vienna: IAEA; 2019. https://
www-pub.iaea.org/MTCD/Publications/PDF/P1827_web.pdf.

Zeidan OA, Langen KM, Meeks SL, Manon RR, Wagner TH, Willoughby TR, et al.
Evaluation of image-guidance protocols in the treatment of head and neck cancers.
Int J Radiat Oncol Biol Phys 2007;67:670-7. https://doi.org/10.1016/j.
ijrobp.2006.09.040.

Wang W, Yu T, Xu M, Shao Q, Zhang Y, Li J. Setup error assessment and correction
in planar kV image- versus cone beam CT image-guided radiation therapy: a
clinical study of early breast cancer treated with external beam partial breast
irradiation. Technol Cancer Res Treat 2019;18. https://doi.org/10.1177/
1533033819853847.

de Boer HC, Heijmen BJ. eNAL: an extension of the NAL setup correction protocol
for effective use of weekly follow-up measurements. Int J Radiat Oncol Biol Phys
2007;67:1586-95. https://doi.org/10.1016/].ijrobp.2006.11.050.


https://doi.org/10.1118/1.3397807
https://doi.org/10.1118/1.3397807
https://doi.org/10.3389/fonc.2021.782263
https://doi.org/10.3389/fonc.2021.782263
https://doi.org/10.1088/1742-6596/573/1/012014
https://doi.org/10.1088/1742-6596/573/1/012014
https://doi.org/10.1088/1361-6560/aa9c60
https://doi.org/10.1007/s00066-021-01749-6
https://doi.org/10.1007/s00066-021-01749-6
https://doi.org/10.1016/j.tipsro.2020.10.005
https://doi.org/10.1016/j.phro.2020.09.011
https://doi.org/10.1016/j.phro.2020.09.011
https://doi.org/10.1016/j.adro.2019.04.001
https://doi.org/10.1002/acm2.12303
https://doi.org/10.1002/acm2.12303
https://doi.org/10.1371/journal.pone.0192686
https://doi.org/10.1371/journal.pone.0192686
https://doi.org/10.1002/acm2.13291
https://doi.org/10.1186/1748-717X-6-101
https://doi.org/10.1038/nrc2288
https://doi.org/10.1038/nrc2288
https://doi.org/10.1016/j.radonc.2007.11.023
https://doi.org/10.1016/j.radonc.2007.11.023
https://doi.org/10.1007/s00066-011-2236-4
https://doi.org/10.1007/s00066-011-2236-4
https://doi.org/10.1016/j.ijrobp.2009.02.001
https://doi.org/10.1120/jacmp.v16i6.5583
https://doi.org/10.1120/jacmp.v16i6.5583
https://doi.org/10.1093/jrr/rraa006
https://doi.org/10.1093/jrr/rraa006
https://doi.org/10.1088/0031-9155/54/22/007
https://doi.org/10.1088/0031-9155/54/22/007
https://doi.org/10.1016/j.meddos.2017.02.004
https://doi.org/10.1016/j.meddos.2017.02.004
https://doi.org/10.1016/S0140-6736(20)30932-6
https://doi.org/10.1200/jco.19.02750
https://doi.org/10.1200/jco.19.02750
https://doi.org/10.1118/1.4736949
http://refhub.elsevier.com/S2405-6316(22)00043-4/h0165
http://refhub.elsevier.com/S2405-6316(22)00043-4/h0165
http://refhub.elsevier.com/S2405-6316(22)00043-4/h0165
https://doi.org/10.1016/j.ijrobp.2006.09.040
https://doi.org/10.1016/j.ijrobp.2006.09.040
https://doi.org/10.1177/1533033819853847
https://doi.org/10.1177/1533033819853847
https://doi.org/10.1016/j.ijrobp.2006.11.050

	Comparing treatment uncertainty for ultra- vs. standard-hypofractionated breast radiation therapy based on in-vivo dosimetry
	1 Introduction
	2 Materials and methods
	2.1 Patient selection and ethics statement
	2.2 Treatment delivery and verification
	2.3 Outcome assessment
	2.4 Statistical analysis

	3 Results
	4 Discussion
	Declaration of Competing Interest
	Acknowledgments
	References


