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Abstract

Purpose Intra- and inter-fraction organ motion is a major concern in stereotactic body radiation therapy (SBRT). It may
cause substantial differences between the planned and delivered dose distribution. Such delivery errors may lead to medical
harm and reduce life expectancy for patients. The project presented here investigates and improves a rapid method to detect
such errors by performing online dose verification through the analysis of electronic portal imaging device (EPID) images.
Methods To validate the method, a respiratory phantom with inhomogeneous insert was examined under various scenarios:
no-error and error-simulated measurements. Simulation of respiratory motions was practiced for target ranges up to 2cm.
Three types of treatment planning technique — 3DCRT (three-dimensional conformal radiation therapy), IMRT (intensity
modulated radiation therapy), and VMAT (volumetric modulated arc therapy — were generated for lung SBRT. A total of
54 plans were generated to assess the influence of techniques on the performance of portal dose images. Subsequently,
EPID images of 52 SBRT patients were verified. Both for phantom and patient cases, dose distributions were compared
using the gamma index method according to analysis protocols in the target volume.

Results The comparison of error-introduced EPID-measured images to reference images showed no significant differences
with 3%/3mm gamma evaluation, though target coverage was strongly underestimated. Gamma tolerance of 2%/2 mm
reported noticeable detection in EPID sensitivity for simulated errors in 3DCRT and IMRT techniques. The passing rates
for 3DCRT, IMRT, and VMAT with 1%/1 mm in open field were 84.86%, 92.91%, and 98.75%, and by considering
MLC-CIAO+ 1 cm (threshold 5%), were 68.25%, 83.19%, and 95.29%, respectively.

Conclusion This study demonstrates the feasibility of EPID for detecting the interplay effects. We recommend using
thin computed tomography slices and adding sufficient tumor margin in order to limit the dosimetric organ motion in
hypofractionated irradiation with preserved plan quality. In the presence of respiratory and gastrointestinal motion, tighter
criteria and consequently using local gamma evaluation should be considered, especially for VMAT. This methodology
offers a substantial step forward in in vivo dosimetry and the potential to distinguish errors depending on the gamma
tolerances. Thus, the approach/prototype provides a fast and easy quality assurance procedure for treatment delivery
verification.

Keywords Electronic portal imaging device - Stereotactic body radiation therapy - Quality assurance - In vivo dosimetry -
Real time transit dosimetry
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Introduction

Hypofractionated radiotherapy requires high precision. Ac-
cess to additional imaging modalities increases tumor con-
trol probability while simultaneously reducing normal tis-
sue complications [1, 2]. These provide the opportunity
to escalate the dose to the tumor and apply hypofraction-
ated stereotactic body radiation therapy (SBRT). Increasing
requests for high-definition modulated therapy procedures
puts stress on patient-specific plan quality assurance (QA)
resources. Therefore, it is essential to effectively monitor
the target to ensure that the tumor is within the beam aper-
ture.

Research has illustrated that clinically approved plan
quality can differ significantly [3—10]. Pre-treatment QA
usually verifies the accuracy of delivery for individual
plans. However, traditional pre-treatment QA is not able
to detect changes in patient anatomy and there is still the
possibility of systematic and random delivery uncertainties
between/during each fraction. These types of uncertain-
ties are unique to each fraction. They include undetected
machine errors, patient weight gain/loss, inadequate immo-
bilization, tumor growth/response, normal tissue shrinkage,
and human errors (accidental plan modification, incorrect
treatment site or plan/patient, etc.). All of these uncertain-
ties can be detected by in vivo dosimetry [11-13]. More
accurate patient setup can be achieved by several imaging
techniques. Nevertheless, when dealing with dynamic tu-
mors, difficulties are still encountered with 3D matching
in terms of clearly depicting the tumor and identifying and
reproducing its location [14].

Studies on tumor motion reported the majority of res-
piration movements to happen in the superior—inferior (SI)
direction, especially the lower lobe of the lung exhibits the
most considerable amount of motion [15, 16]. This affects
treatment accuracy and reduces patient setup reproducibil-
ity [17, 18]. Longer treatment time is linked to a substan-
tial risk of intra-fractional motion, as well as variations
between imaging and treatment time. In addition, this can

Fig.1 a QUASAR™ pro-
grammable respiratory motion
phantom (Modus Medical De-
vices, Ontario, Canada) with
b cedar lung insert in which an
offset polystyrene target 3cm
diameter is embedded

produce hot/cold spots [19]. Therefore, transit dosimetry
can play a key role in the verification procedure chain.
To some extent, the quality and safety of treatment have
been investigated by a widely available electronic portal
imaging device (EPID) [20, 21]. These studies have shown
remarkable advantages for modern dynamic delivery tech-
niques as well as for hypofractionated deliveries [22-26].
International Atomic Energy Agency Human Health Report
No. 8 reported several treatment errors utilizing in vivo
entrance/exit dosimetry during treatment [27]. Some er-
rors during three-dimensional conformal radiation therapy
(3DCRT) and intensity-modulated RT (IMRT) that could
not be noticed by pre-treatment QA were detected by means
of EPID-based in vivo dosimetry [28]. This study aims to
check the ability of EPID in detecting dose delivery er-
rors and verify its sensitivity. In this context, inter- and
intra-fractional motion management were investigated by
implementing hypofractionated treatment. The detectabil-
ity threshold of the process was studied under comparisons
of improved and local gamma index method using different
analysis protocols for various delivery techniques.

Materials and methods
Phantom study and treatment delivery

A dynamic 4D phantom, QUASAR™ programmable respi-
ratory motion platform (Modus Medical Devices, Ontario,
Canada), was used to verify the uncertainties of EPID track-
ing. The phantom was composed of cedar insert (cylinder)
containing a water-equivalent ball 3cm in diameter that
moves in superior—inferior directions as shown in Fig. 1.
Computed tomography (CT) images were acquired with 1,
2, and 3 mm slice thicknesses to determine the optimal slice
thickness. American Association of Physicists in Medicine
(AAPM) Report No. 91 recommends that respiratory mo-
tion should be considered when tumor movement exceeds
5mm. On the contrary, a superior—inferior tumor movement
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Fig.2 Screenshots of respiratory gating controlled by scanner software for phantom measurements. a sinusoidal curve with amplitude of 2cm
and 5s per breathing cycle, b a natural respiratory curve with amplitude of 1.3 cm and 5s per breathing cycle

more than 2cm is relatively unusual [29]. Consequently,
4DCT scans were executed in different motion phases. The
first phase was by applying a sinusoidal pattern with peak
amplitude of +20, £10, +5, and O mm. The period for breath-
ing cycle was constant for all amplitudes. The second phase
was based on a predefined natural respiratory rhythm in os-
cillation mode with 13mm and 20 mm motion amplitude.
Fig. 2 shows screenshots of a sinusoidal pattern for 20 mm
and a natural breathing for 13 mm peak amplitude. A total
of 18 CT scans were created. 4DCT imaging was used to
generate ITV and in accordance with the RTOG 0915 pro-
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tocol, the planning target volume (PTV) was then created
by expanding a uniformly isotropic 3 mm margin from the
ITV.

3DCRT, sliding-window IMRT, and volumetric-mod-
ulated arc therapy (VMAT) plans were created in each
breathing cycle for each CT slice thickness. All plans were
generated with a 10-MV flattening filter-free (FFF) beam
using a dose rate of 2400 MU/min. Three-field 3DCRT
plans with gantry angles of 0°, 240°, and 280°, also for
IMRT a three-field plan with 230°, 270°, 330° angles, were
generated. Double-arc VMAT treatment plans were created
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Fig.3 Target structure motion,
ranging from O (a) to 2cm (e). In
general, as the range of motion
increases, the CT value within
the PTV (red circle) decreases

for gantry rotation angles of 0° until 180° and vice versa.
All 54 plans were calculated in the Eclipse Treatment Plan-
ning System (Version 15.5, Varian Medial Systems, USA)
using the Analytical Anisotropic Algorithm (AAA) with
1.25mm calculation resolution. Treatment was delivered

with a Varian TrueBeam linear accelerator equipped with
an amorphous silicon flat panel (aS1000; Varian Medical
Systems, CA). A direct comparison of the target posi-
tions in each breathing phase versus the static position are
illustrated in Fig. 3.
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;r:r?slzls oll?ggtli(::%lrtzp hic charac- Characteristic Number
Sex Male 25
Female 13
Age (years) Median 68
Range 16-88
Primary tumor location Lung 28
Liver 16
Mediastinum 2
Lymph nodes 2
Primary tumor size (cm) Median 3.3
Range 1.4-8.9
Planning target volume (cm?) Median 18.37
Range 1.69-363.07
Total lung volume (cm?) Median 3372.73
Range 1625.21-7009.68
Total liver volume (cm?) Median 1392.56
Range 937.63-2429.63

Patient selection and planning

Retrospective data were collected from patients with lung
or liver lesion who underwent SBRT between 2010 and
2017. The clinical cases were chosen randomly from each
tumor size category to explore the difference in treatment
delivery for different tumor sizes. Patient characteristics
are summarized in Table 1. During CT simulation, patients
were immobilized with the BlueBAG™ BodyFix® cushions
(Elekta, Stockholm, Sweden) vacuum system. The gross
tumor volume was determined for lung lesions using the
lung and for liver lesions using the soft tissue window,
as described in the International Commission on Radia-
tion Units and Measurements Report 91 [30]. The German
Society of Radiation Oncology (DEGRO) guideline rec-
ommends contrast-enhanced CT scans or, ideally, contrast-
enhanced magnetic resonance imaging (MRI) to define tar-
get volumes in liver lesions [31]. All patients underwent
either four-dimensional CT (4DCT; n=10) or 4D positron-
emission tomography-CT (PET-CT; n=42) to quantify res-
piratory motion and to delineate the internal target volume
(ITV). This accommodated for displacements of the target
volume occurring during respiratory and cardiac motion.
Subsequently, the ITV was enlarged by 3mm to initiate
a PTV. Irradiation was delivered via photon energies of
6-MV and 15-MV FF (flattening filter) beam with dose rate
of 600 MU/min or a 10-MV FFF (flattening filter free) beam
with maximum dose rate of 2400 MU/min. Most patient
plans were generated with 10-MV FFF and VMAT; this
is the used beam quality for SBRT in our institute. Thus,
the data for other techniques and energies were excluded
from the study. Treatment prescriptions were 37.5Gy in
three fractions with 65% surrounding isodose or 35Gy in
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five for patients who could not tolerate the prescribed dose.
So, 52 generated VMAT plans were with 2 arcs (n=43),
1 arc (n=6), and 3 arcs (n=3). Prior to each fraction, pa-
tients were localized with free-breathing cone beam CT
(FBCBCT) and registered with the free-breathing planning
CT (average 4DCT). Therefore, tumor-based registration is
used as a registration parameter for the CBCT. A pre-treat-
ment verification was performed for all patients’ treatment
plans according to clinical routine, with a 2D-Array (I"'mRT
MatriXX, IBA Dosimetry). In addition, the monitor units
were double checked with the commercially available in-
dependent software RadCalc (Lifeline Software Inc., v6.2
Build 5.3).

EPID image acquisition

The sensitive area of the imager is 40x30cm? with
1024 x 768 resolution (0.392 mm? pixels). The panel was
calibrated according to the vendor’s specifications with
standard dark field, flood field, diagonal beam profile cor-
rection, and absolute dose calibration. EPID response was
scaled such that one calibrated unit corresponds to 100
MU delivered by a 10x 10cm? open field at 100cm SSD.
Calibration validation was done in weekly routine. When
the dose feedback difference was larger than 2%, a new
calibration was carried out.

In order to evaluate EPID sensitivity and specificity in
detecting inter- and intra-fractional motions, patient-related
errors were simulated on the phantom. Intentional errors
were introduced by shifting the target during treatment de-
livery. Target position was modified in each fraction by —20,
-10, -5, 0, 5, 10, and 20mm in an SI direction. The intro-
duced shifts were either larger or smaller than the move-
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ment of the target in the baseline (no error) plan. Therefore,
the performance of EPID on error detection for large tumor
shifts or shrinkage was tested. EPID images were acquired
for all baseline plans and error-introduced plans per indi-
vidual arc/field (a total of 162) in each fraction.

The clinical workflow for patients who underwent veri-
fication varied minimally from regular patients. During the
treatment, the EPID was set to acquire.

EPID image analysis

To incorporate the effect of inter-setup and target motion,
each fraction was delivered after introducing the inter-tar-
get motion. EPID images from the baseline plan for the
phantom study as well as the image from the first treatment
fraction of the patient study were used as reference images.
The clinical impact of the errors was analyzed with dedi-
cated ARIA™ portal vision software within the Eclipse™
Treatment Planning System (Version 15.5, Varian Medial
Systems, USA). In each case, the error-introduced EPID-
measured images were compared to the baseline (no error)
images using gamma analysis. The gamma-index method
quantitatively evaluates the similarity of two dose distri-
butions, point by point, using dose differences (DD) com-
bined with distance-to-agreements (DTA) and the gamma
criterion. In order to assess the effects of the modifications,
local and improved gamma passing rates (%GP) between
the no-error and error-simulated measurements were eval-
uated. In the older algorithm (global), for DD, the system
only considered integer pixel positions around the pixel
being evaluated. According to the Varian portal dosimetry
(PD) reference guide, this sampling limitation may result in
overestimation of the gamma value at the evaluation point.
Therefore, the improved option allows the evaluation to in-
terpolate between neighboring points. Three sets of gamma
criteria using 1%/1 mm, 2%/2mm, and 3%/3 mm were in-
vestigated. In transitioning to PD, we need to determine
how to define the region of interest (ROI) for analysis. For
all criteria, three approaches to define the region of interest
were employed: field, MLC complete irradiation area out-
line (CIAO) + 1 cm and MLC-CIAO + 1 cm with a threshold
of 5% of maximum dose. MLC-CIAO+ 1 cm corresponds
to the opening envelope of the MLC incremented by 1cm.
The regions with doses higher than 5% of the maximum
dose (low-dose threshold) and the area of MLC-CIAO were
included to investigate the influence of low doses on the
gamma parameters. A field/arc was clinically acceptable if
at least 95% of its points got a gamma score under one
(pass the gamma test). Other parameters were also checked
to observe complications on the beams, but were not used
as a pass/fail criterion (parameters such as gamma map,
average gamma, maximum gamma, area gamma >0.8, and
area gamma >1.2). The nonparametric statistical Friedman

Table2 Median improved gamma passing rate for individual fields in 3DCRT and IMRT-SBRT plans. EPID images were assessed in different acceptance criteria. A lower gamma pass rate

number indicates greater sensitivity to error detection

Gamma criteria (area gamma <1)

3%/3 mm
ROI

Technique Irradi-

ation
field

1%/1 mm

2%/2 mm

MLC-CIAO+ 1cm  MLC-CIAO +1cm

Field

MLC-CIAO+ 1cm  MLC-CIAO + I cm

Field

MLC-CIAO+ 1cm  MLC-CIAO + I cm

Field

(threshold 5%)

66.33

(threshold 5%)

86.3

(threshold 5%)

93.47
96.6

80.73

83.57
84.73

92.13

93.3

96.8 96.27

9

1

3DCRT

70.93

82.2

86.86
84.43

91.97
91.53

96.73

93.13

97.93

8.2

67.5

82.43
91.67
91.27

92.2

86.1

93.33
9

92.4

95.9

96.77

84.47
83.07
83.33
81.9

93.97
93.03

93.83

92.33

7.4

96.97

98.87 98.57

99.33

1

IMRT

93.87
93.07

92.37

96.83

97.5
97.4

98.3

99.13

96.73

96.87

98.57
99

98.83

91.63

93.27

96.5
ROI Region of Interests, MLC-CIAO multi leaf collimator — complete irradiation area outline, 3DCRT three-dimensional conformal radiation therapy, /MRT intensity modulated radiation therapy

97.17

97.87

99.2
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two-way analysis of variance by ranks was used to evaluate
the data.

Results

A small tumor volume (CTV: 3.26 cm?, PTV: 5.37 cm?) was
purposely chosen for phantom measurements to evaluate
the feasibility of EPID-based real-time transit dosimetry
for small fields.

To estimate the dose distribution in the target volume
for baseline plans, the phantom was irradiated in 18 frac-
tions. Each irradiation modality included motion simula-
tion (=20, —-10, 10, 20mm) in the SI direction, normal
breathing rhythm, and a static reference condition. One
hundred and sixty-two EPID images from baseline plans
were collected for all CT series. The results were evaluated
in terms of gamma index (1393 mm, 2%/2 mm, 1%/1 mm), Which is
calculated using spatial and dosimetric limits of DTA and
dose difference. Table 2 summarizes the %GPs for all mea-
sured fields in 3DCRT and SW-IMRT to investigate the
ability of EPID error detection. It shows the median im-
proved gamma pass rates between no-error and error-intro-
duced SBRT plans. Overall, %GPs were reduced slightly by
3%/3mm, 2%/2mm, and 1%/1 mm criteria. The majority
of simulated errors were detected with a gamma tolerance
of 1%/1 mm. A lower gamma pass rate number indicates
greater sensitivity to error detection. 3%/3 mm criteria with

MLC-CIAO+ I cm threshold 5% showed a slightly lower
pass rate in 3DCRT plans but not significant enough to
discriminate errors. More significant reduction happened
with tighter criteria. The motion induced-errors could be
detected with 2%/2 mm by any opening envelopes analysis
protocol in 3DCRT fields. The rather loose criteria could
not detect any induced intentional errors by IMRT plans.
The improved gamma pass rate of 95% with 2%/2 mm con-
sidering MLC-CIAO+ 1 cm (threshold 5%) criteria could
manifests changes for each introduced-error measurements
in IMRT technique.

Table 3 presents the median improved/local gamma pass
rates for EPID measurements in VMAT plans. Each im-
proved %GPs criterion showed no significant difference in
analysis (median=98.79, range: 95.1-99.93). By varying
the analysis protocol from 1%/1 mm/improved to 1%/1 mm/
local and considering the tighter area of MLC-CIAO+ 1 cm
(threshold 5%), the error detection sensitivity of EPID could
be significant. Results showed that EPID-based error de-
tection depends strongly on the gamma evaluation method
and the acceptance criteria. The correlation between the
selected gamma tolerances and detected error magnitude
was based on the average gamma pass rate. For example,
if non-stringent gamma criteria are used (as reported in
Tables 2 and 3), treatment plans would pass the gamma
evaluation even though target displacement was added up
to 2cm in maximum. Fig. 4 represents the comparison of
EPID-measured images between the first fraction and one

Table3 The results indicate the fraction’s median pass rate under different gamma criteria in VMAT. Motion patterns were induced on the
QUASAR™ phantom (MODUS, London, Ontario Canada) and target dose distribution was compared to the planned dose distribution

Arcs
1 2
Gamma criteria (area Improved 3%/3 mm Field 99.8 99.93
gamma <1) gamma MLC-CIAO + I cm 99.63 99.9
protocol DD/DTA
MLC-CIAO + 1 cm (threshold 5%) 99.1 99.7
2%/2 mm Field 99.63 99.8
MLC-CIAO + 1 cm 99.27 99.67
MLC-CIAO + 1 cm (threshold 5%) 98.27 99.23
1%/1 mm Field 98.93 98.83
MLC-CIAO + 1 cm 98.1 97.87
MLC-CIAO + 1 cm (threshold 5%) 95.47 95.1
Local 3%/3 mm Field 99.8 99.93
gamma MLC-CIAO + 1 cm 99.63 99.9
MLC-CIAO + 1 cm (threshold 5%) 99.1 99.77
2%/2mm Field 99.6 99.8
MLC-CIAO + I cm 99.26 99.63
MLC-CIAO + I cm (threshold 5%) 98.23 99.63
19%/1 mm Field 97.3 97.1
MLC-CIAO + I cm 95.03 94.77
MLC-CIAO + 1 cm (threshold 5%) 88.13 88.17

MLC-CIAO multi leaf collimator — complete irradiation area outline, DD dose difference, DTA distance to agreement
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Fig.4 Comparison of EPID-measured planar dose distribution showing gamma evaluation results (b, e) between two different fractions (a, ¢) and

line profile agreement (d) for an arc of VMAT technique

of the other fractions by applying motion-simulated errors
for the VMAT technique.

Patient irradiations were analyzed using 467 portal
dosimetry images applying the ROI methods to every treat-
ment field. PD results were retrospectively evaluated in
relative and absolute mode. Table 4 summarizes %GPs

obtained by comparison of each arc to the reference one
(first fraction arc) in every fraction based on various crite-
ria. All reviewed patient plans reached the clinical criteria
for area gamma pass rate. Overall, %GPs were reduced
by 3%/3mm, 2%/2mm, and 1%/l mm criteria. For each
criterion, the pass rate score was slightly decreased when

Table4 Median passing rates for each fraction compared to the reference fraction, based on various criteria and regions of interest for VMAT

technique in patient plans

Fraction pass rate 3%/3 mm 2%/2 mm
Field MLC-CIAO + I1cm MLC-CIAO + 1 cm Field MLC-CIAO + Icm MLC-CIAO+ 1 cm
(threshold 5%) (threshold 5%)
Mean
Fraction 2 98.96 97.43 96.90 97.77 95.47 93.71
Fraction 3 97.84 96.38 95.1 96.16 93.78 92.04
Fraction 4 98.55 98.19 97.95 97.49 96.90 96.38
Fraction 5 98.02 97.59 96.67 96.55 95.42 93.37
MLC-CIAO multi leaf collimator — complete irradiation area outline
Table5 Nonparametric related samples Friedman’s test two-way analysis results on patient plans
Acceptance criteria (%/mm)
3%/3 mm 2%/2 mm 1%/1 mm
Asymp. Sig. Exact Sig. Asymp. Sig. Exact Sig. Asymp. Sig. Exact Sig.
Field 0.392 0.442 0.830 0.846 0.559 0.578
MLC-CIAO + I cm 0.631 0.663 0.898 0.908 0.441 0.461
MLC-CIAO + 1 cm (threshold 5%) 0.903 0.915 0.661 0.677 0.615 0.645

MLC-CIAO multi leaf collimator — complete irradiation area outline, asymp. asymptotic, sig. significant
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the MLC-CIAO+ lcm was used instead of the field and
more significantly for MLC-CIAO+ 1 cm (threshold 5%).

There were noticeable changes in sensitivity for the
2%/2mm criterion by using MLC-CIAO+ lcm (thresh-
old 5%) and a more significant reduction with 1%/1 mm.
Neither asymptotic significant nor exact significant differ-
ences were found between all irradiated fractions and plans
(Table 5). Statistical analysis showed that p-values for all
comparisons, amongst three sets of DTA and DD as well
as amongst sub-divisions of each criterion, are less than
0.001.

Discussion

In this study, we presented and assessed a relatively sim-
ple method for online verification of lung SBRT treatment.
A rapid real-time transit dosimetry approach was investi-
gated, which obtains information from EPID image data.
Exit fluence variation due to patient intra- and inter-frac-
tional anatomy changes were quantified using QUASAR™
phantom. The aim was to investigate the accuracy of syn-
chronization of measured image sets during treatment de-
liveries, check prediction model accuracy for transit patient
images using integrated image evaluation, check the initial
results for patient treatment verification, and determine the
challenges to clinical adoption of real-time transit EPID
dosimetry systems.

This method is straightforward to perform and does
not need any implementation of sophisticated analytical
or EPID modelling approaches. We have performed de-
tailed gamma analysis on 162 portal dose images for the
phantom study. Gamma index analysis has been commonly
implemented as an efficient tool in clinical routine [32, 33].
Thereby, it is essential to understand the limitations and
sensitivity of the gamma method and the EPID. In order
to determine the specificity of the system, we introduced
deliberate errors and varied the gamma criteria. The re-
sults concern the detection threshold of simulated errors.
In general, even if the EPID was designed for imaging,
it was able to quantify errors when using tighter gamma
tolerance than 3%/3 mm. Our results showed that the use of
a combination of criteria might provide an effective way of
improving the overall sensitivity of EPID. Gamma criteria
of 2%/2mm and 3%/3mm are not sensitive in detecting
motion errors for the VMAT technique. Thus, a stricter cri-
terion (1%/1 mm) is needed to detect the motion-simulated
errors. Primarily, it should be evaluated in local normal-
ization, as summarized in Table 3. The results obtained in
3DCRT revealed that the 2%/2mm criterion for any ROI
in both local and improved normalization had sensitivity to
any delivered inaccuracies.

@ Springer

The prevention of errors and the delivery of high-quality
radiation treatments are basic principles in radiotherapy de-
partments. The pre-treatment EPID dosimetry is suited for
detecting only 6% of all the radiation therapy clinically re-
ported incidents. In vivo EPID dosimetry was more skilled
and was able to detect the majority (74%) of incidents re-
lated to radiotherapy [25], which obviously were not de-
tected by pre-treatment dosimetry since the patient was not
present in the beam. It was stated by Gardner et al., that
in IMRT prostate patients, the largest variation in exit flu-
ence due to machine delivery and patient anatomy-related
sources are about 4.0% and 8.5%, respectively. Therefore,
deviations caused by patient anatomy-related sources are
slightly larger [34]. Moreover, regarding Thwaites et al.’s
recommendation, an approach that can detect variations in
tumor motion would be a useful treatment verification tool
[35]. A further study from the Netherlands Cancer Insti-
tute disclosed that 9 out of 17 serious errors recognized
in 4337 patients would have been missed without in vivo
verification of radiation delivery [23]. Ultimately, EPID in
vivo dosimetry for post-treatment inspections has been per-
formed by a few institutions [36—39]. In the near future, the
authors aim to reconstruct the EPID images with precise
algorithms and provide 3D dose distribution, which can be
compared with the planned dose. Some recent works have
enabled measured images by back-projecting to planes or
volumes within the patient, so the dose inside the patient
can be reconstructed in 2D [40].

We observed that the changes in dose distribution could
be recognized in small tumors (less than 5cm) by tighter
gamma evaluation, which were combined with ROI criteria.
Consequently, local gamma evaluation should be consid-
ered for the VMAT technique to provide an effective way
of improving the overall sensitivity of EPID.

In vivo dosimetry has been recognized as one of the
next milestones in radiation oncology. We developed a pa-
tient rapid real-time transit dosimetry method with EPID,
which is validated for hypofractionated treatments with FFF
beams, as a step toward EPID in vivo dosimetry. The ap-
proach introduced errors that can occur based on patient
anatomy. As described in the previous sections, we chose
various treatment planning techniques to see if there were
any differences in the result. The intent was not to describe
every source of deviation, but to show the potential Achilles
heel of pre-treatment QA measurements. By increasing the
use of SBRT combined with substantial dose deliveries in
1 to 5 fractions as well as the biological responses of tumor
to radiation, there is a high need for monitoring systems
and detecting treatment delivery errors. In this work the
obtained EPID images in each fraction were compared to
the baseline in order to interpret the exit dosimetry. It is
sensitive enough to provide useful information about the
reproducibility of treatment delivery and patient setup. The
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results demonstrate that PD is efficient and feasible under
certain circumstances for detecting errors. The commonly
used criterion of 3%/3 mm was inadequate for discovering
target motion errors.

Further work is required to develop a real-time verifi-
cation system which provides an additional tool that can
assist with the prevention of significant mistreatments in
radiation therapy. In vivo portal dosimetry can be used to
calculate the dose distribution within the patient based on
images acquired during treatment [20, 41]. Obviously, in
vivo dosimetry improves the potential of detecting delivery
errors, but it is still limited in its capacity to prevent errors
before clinically significant errors occur [42].

Conclusion

This study demonstrates the feasibility of EPID for detect-
ing the interplay effects. We recommend using thin com-
puted tomography slices and adding sufficient tumor margin
in order to limit the dosimetric organ motion in hypofrac-
tionated irradiation with preserved plan quality. In the pres-
ence of respiratory and gastrointestinal motion, tighter cri-
teria and consequently using local gamma evaluation should
be considered, especially for VMAT. This methodology of-
fers a substantial step forward for in vivo dosimetry and the
potential to distinguish errors depending on the gamma tol-
erances. Thus, the approach/prototype provides a fast and
easy QA procedure for treatment delivery verification.

New software generations will allow reconstruction of
the dose inside the patient and, if errors are found, will
analyze their clinical relevance. EPID in vivo dosimetry
will be a milestone of treatment planning QA, following
the clinical improvement.
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