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Background. In the case of dynamic radiotherapy plans, the fractionation schemes can have dosimetric effects.
Our goal was to define the effect of the fraction dose on the plan quality and the beam delivery.

Materials and methods. Treatment plans were created for 5 early-stage lung cancer patients with different dose
schedules. The planned total dose was 60 Gy, fraction dose was 2 Gy, 3 Gy, 5 Gy, 12 Gy and 20 Gy. Additionally renor-
malized plans were created by changing the prescribed fraction dose after optimization. The dosimetric parameters
and the beam delivery parameters were collected to define the plan quality and the complexity of the treatment
plans. The accuracy of dose delivery was verified with dose measurements using electronic portal imaging device
(EPID).

Results. The plan quality was independent from the used fractionation scheme. The fraction dose could be
changed safely affer the optimization, the delivery accuracy of the freatment plans with changed prescribed dose
was not lower. According to EPID based measurements, the high fraction dose and dose rate caused the saturation
of the detector, which lowered the gamma passing rate. The aperture complexity score, the gantry speed and the
dose rate changes were not predicting factors for the gamma passing rate values.

Conclusions. The plan quality and the delivery accuracy are independent from the fraction dose, moreover the
fraction dose can be changed safely after the dose optimization. The saturation effect of the EPID has to be consid-
ered when the action limits of the quality assurance system are defined.
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Introduction

mor control. The standard radiotherapy treatment
for patients was carried out by applying only a total

Lung cancer is one of the leading causes of cancer
death in the world.! An early diagnosed non-small
cell lung cancer (NSCLC) patient nowadays has a
chance for longer survival, because of the emerg-
ing treatment techniques. In radiotherapy the rapid
technical development allows to perform more ef-
fective treatments using higher doses for better tu-
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dose of 60 Gy with 2 Gy per fraction (biological ef-
fective dose BED,; = 72 Gy). The stereotactic body
radiation therapy (SBRT) is the standard radiation
treatment for early stage, nodal negative lung can-
cer that can be irradiated with up to 60 Gy in 3 frac-
tions (BED,, = 180 Gy).>® The local tumor control
of SBRT treatments is comparable with the surgical
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resection, and can be performed also for patients
judged inoperable due to other comorbidities.®

The dose prescription according to recommen-
dations has to be risk adapted, and the size and
location of tumor influence the maximum deliv-
erable doses; that way fractionation schemes are
used multifariously as well as the daily fraction
dose. 1016

During SBRT planning the main goal is to reach
high dose conformity and steep dose gradient
around the target volume to spare the dose to the
organs at risk. In case of stereotactic treatments to
ensure acceptable dose gradient, there is a dose
prescription for an isodose line (IDL), and with this
method, steeper dose fall-off can be achieved in re-
turn for higher dose maximum.'”* Many studies
recommend various methods for the optimal selec-
tion of the prescribed IDL.2>2

Earlier, in the era of static fields, delivery dis-
crepancies were not caused by the change of the
prescribed IDL in clinical practice. SBRT tech-
niques are performed with intensity modulated
dynamic fields® and in this case if the original frac-
tion dose or the prescribed IDL is changed, the de-
livery parameters are modified - compared to the
original optimized ones - which can have an effect
on the accuracy of beam delivery.

The uncertainties in radiotherapy are widely
presented in the literature, but the effect of the frac-
tion dose value has not been examined deeply.?
In our experience, discrepancies can be caused in
the operation of the optimizer by the application
of extremely low or high fraction dose values (e.g.
few cGy). The aim of our work is to compare plan
quality and the deliverability of radiotherapy treat-
ment plans with different dose per fraction values
used in clinical practice. We have examined the ef-
fect of changing the normalization values from the
original optimized ones to other dose per fraction
values. The potential pitfalls of the variation of the
dose per fraction values were also determined.
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Materials and methods
Case selection

Five lung SBRT patients were selected for the study
and a set of treatment plans with various param-
eters were created. 4D CT scan was performed for
all patients with a Siemens Definition AS Open
(Siemens AG, Erlangen, Germany) scanner and
the breathing motion was monitored using the ad-
justable belt of AZ-733V (Anzai Medical, Tokyo,
Japan). The scan parameters were based on the
clinically used protocol with 120 kVp without kV
modulation, and 2 mm slice thickness. According
to the breathing pattern 7 (+1 average) image sets
were created with retrospective reconstruction. For
target definition the internal target volume (ITV)
concept was used. The radiation oncologist delin-
eated the gross tumor volume (GTV) on each of
the 7 image sets. No margin was applied between
the GTV and the clinical target volume (CTV). The
accumulated GTV was created on the average CT
and 5 mm additional margin was used to create the
planning target volume (PTV). All of the lesions
were peripheral, at least 1 cm from the rib cage and
mediastinum. During the selection we have strived
to create a heterogeneous group, the parameters of
the patients and the targets can be found in Table 1.

Treatment planning

5 different fractionation schemes were defined for
all patients, 60 Gy total dose with 2, 3, 6, 12, and 20
Gy fraction dose, that way the number of fractions
were 30, 20, 12, 5 and 3, respectively. The treatment
plans were created with Eclipse 13.6 treatment
planning system’s Photon Optimizer 13.6 algorithm
(Varian Medical Systems, Palo Alto, CA, USA), and
delivered on a TrueBeam (Varian Medical Systems,
Palo Alto, CA, USA) machine. The isocenter was
placed in the geometrical center of the PTV, 4 re-
stricted arcs were defined using 6 MV-flattening

TABLE 1. The parameters of the selected patients and irradiated volumes

Age GTV_volume Tumor movement ITV_volume PTV_volume
Sex Lobe
[years] [ccm] [mm] [ccm] [ccm]
Male 84 Right-lower 3.7 20 10.7 33.3
Male 66 Left-upper 1.3 4 2.2 11.5
Male 72 Left-upper 4.8 5 7.2 24.9
Female 61 Right-mid 2.6 4 3.9 15.1
Female 67 Right-mid 0.7 2 1.1 7.6

GTV = gross tumor volume; ITV = internal target volume; PTV = planning target volume
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TABLE 2. The mean values and the standard deviations of the plan quality parameters

2 Gy/fraction 3 Gy/fraction

6 Gy/fraction 12 Gy/fraction 20 Gy/fraction

PTV_D,_.., (cGy) 6706196 671385
PTV_V95 (%) 98.17+2.34 98.44+£1.61
PTV_V100 (%) 91.12+5.29 91.85+4.34
PTV_V98 (%) 94.9+4.24 95.47+3.28
PTV_D98 (cGy) 5759141 5771£116
PTV_D50 (cGy) 6749+128 6762107
PTV_D2 (cGy) 7515%114 7472494
ITV_D,_ ... (cGy) 7234+150 7229+126
ITV_D98 (cGy) 6867+130 6901101
ITV_D50 (cGy) 7242+154 7229+134
ITV_D2 (cGy) 7581164 75561162
BODY_V100 (ccm) 17.149.56 17.25+9.64
BODY_V50 (ccm) 75.02£35.16 75.09£35.17
BODY_V98 (ccm) 18.2+10.03 18.34£10.11
D, .. (cGY) 7816128 7777+106
Lung_V5Gy (%) 15.57£7.25 15.51+7.31
Lung_V20Gy (%) 4.25+2.32 4.28+2.33
lung D, ., (cGy) 342+148 343+149
# MU / cGy 2.84%0.15 2.810.1
R50% 4.27+0.52 4.27+0.51
C198%_PTV 0.93£0.06 0.94+0.05
CN98%_PTV 0.940.03 0.910.02

670197 6715291 6686196
98.32+1.72 98.43+1.67 98.22+1.93
91.31£4.63 91.82+4.54 90.78+4.93
94.97+3.54 95.39+3.48 94.75+3.84
5760+128 5773x126 5755128
6750£125 6760£119 6726125
7461£106 748791 7454187
7113%301 7124262 7106272
6862+152 6877125 6848+144
7221£145 7238£117 7219£105
7531£150 7561142 7539166
17.13£9.66 17.24£9.72 17.16£9.57

74.96+35.68 75.31+35.79 74.74+35.45

18.22+10.13 18.34£10.19 18.1£10.16
7731£106 7794%16 7691288
15.59+7.24 15.57+7.3 15.5617.26
4.25+2.33 4.27+2.34 4.26+2.34
342+149 343149 342+149
2.8+0.12 2.81+0.11 2.81+0.12
4.25+0.51 4.27+0.5 4.24+0.49
0.93+0.06 0.94£0.05 0.94£0.06
0.91+0.02 0.91+0.02 0.91+0.03

ClI = conformity index; CN = conformity number; ITV = internal target volume; MU = monitor units; PTV = planning target volume; R50% = calculated dose

gradient

filter-free (FFF) energy and the maximal (1400 MU/
min) dose rate. The primary jaws were fitted with 5
mm margin to the PTV, the jaw tracking was ena-
bled. The final dose was calculated by AcurosXB
algorithm with dose-to-water setting and 0.125 cm
grid size. The optimization parameters were dif-
ferent patient by patient, but were kept the same
between the different fractionations. The final re-
sults of optimizations were not changed, the mini-
mum PTV coverage was V95% > 99 % and V98% >
95%, and the dose to organs at risk had to be fit for
clinically used limitations, based on the European
Organization for Research and Treatment of Cancer
(EORTC) recommendations!!. After that, the origi-
nal optimized plans were copied and the prescribed
doses were changed for all the 4 other values. This
way every patient had 25 different plans with 5 dif-
ferent fractionation schemes.

Data collection

For every plan the PTV coverage parameters were
evaluated. The dose to the lung and the whole-
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body volume were also examined. The statisti-
cal analysis of plan quality was performed with
GraphPad 8.0.1 (GraphPad Software, San Diego,
CA) using ANOVA and post-hoc Dunn’s test. The
delivery parameters such as the number of moni-
tor units (MU), gantry speed and dose rate values
were also collected. To characterize the multi-leaf
collimator (MLC) motions aperture complex-
ity metric (ACM) was determined for all beams
by using a homemade software, according to the
definition of Younge ef al.¥’ The score was calcu-
lated as:

N
1 Vi
ACM =5 ) MU 7, Whereas
i=1

e MU is the total number of MUs in the plan,

e i=1 to N control point apertures,

e MU, is the number of MU delivered through
aperture i,

e A, is the open area of aperture i,

e vy, is the aperture perimeter excluding the MLC
leaf ends,

and to calculate the score of a given arc, the metrics

of all apertures have to be summed.



To evaluate the deliverability of the treatment
plans, electronic portal imaging device (EPID)
based dose measurement was performed with the
portal dosimetry system using Portal Dose Image
Prediction (PDIP) 13.6 algorithm (Varian Medical
Systems, Palo Alto, CA, USA). The linear accelera-
tor was equipped with an a51200 Digital Megavolt
Imager. Just before the measurements the linear
accelerator and the EPID absolute were calibrated
to ensure the most accurate results. The gamma
analysis was performed for the 500 arcs in absolute
mode with 2%, 1 mm parameters, 10% threshold,
and the auto alignment was allowed. The maxi-
mum and central axis calibrated unit (CU) values
of portal dose predictions and measurements were
also collected and evaluated.

The meaning of phrases used in the
Results section:

Optimization dose: The dose per fraction value set
before (during) the optimization.

Normalization dose: The dose per fraction value
set after the optimization.

Optimized plan: The optimization dose and the
normalization dose are equal.

Renormalized plans: The optimization dose and
the normalization dose are different.

Results

Renormalization does not change the dose-volume
histogram (DVH) parameters compared to opti-
mized plans. That way for the comparison of the
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FIGURE 1. (A) The average value of gamma passing rates according to the used
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FIGURE 3. The connection between the complexity score and
the gamma passing rate.

plan quality metrics, only the optimized plans
have to be included. We compared the mean val-
ues of the dosimetric parameters of the five pa-
tients. PTV and ITV coverage parameters, dose to

lung and whole body parameters were evaluated.?
Conformity index (CI) and conformity number
(CN) were calculated for the PTV.? The dose gradi-
ent was described by R50% which is calculated as
the ratio of the volume enclosed by the 50% isodose
surface and the volume of the PTV?. There was no
significant difference between any of the daily frac-
tion size plans. The average values and the stand-
ard deviations of the parameters are summarized
in Table 2. Based on the statistical tests, there was
no significant difference between the optimization
schedules.

The dependence of gamma values on the opti-
mization and the normalization dose values were
also investigated. Figure 1 presents that the gam-
ma passing rates are independent from the optimi-
zation values, renormalization has no effect on the
results. However, the higher fraction dose reduces
the passing rates, independently of the used origi-
nal optimization dose value.

Figure 2A indicates that the renormalization has
no effect on the MLC motions. This can be conclud-
ed from the same pattern of ACM scores for differ-
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ent normalization doses. Only the speed of deliv-
ery (gantry speed and dose rate) is changed with
renormalization. According to Figure 2B, there is
no connection between the optimization dose and
the complexity metric.

The implementation of the calculated dose
maps has no crucial effect on the accuracy of de-
livery. The optimizer tries to maximize the gantry
speed and the enabled dose rate. For higher dose
per fraction cases these limits are reached, which
can be concluded from the constant mean and zero
standard deviation values. In case of high MLC
modulation, it is necessary to lower the speed of
the delivery. The deviations of gantry speed and
dose rate can be used as the describing parameters
of the modulation of delivery. According to our
data ACM, gantry speed and dose rate values do
not correlate with gamma passing rates, as shown
in Figure 3 and 4.

The predicted and measured CU values were
separately evaluated to define the origin of the dif-
ferences at high fraction dose. As Figure 5 shows,
the deviation of predicted values is low, the CU/
Gy values are quasi constant with the changing
fraction dose. Meanwhile the measured maximum
and the central-axis values are decreasing with the
increasing fraction dose, which means the detector
has a saturation effect.

Discussion

As can be shown in Table 2, the different optimiza-
tion fractional dose has no significant effect on plan
quality. To our knowledge, this is the first study to
examine the effect of prescription dose on the plan
quality for volumetric modulated radiotherapy
treatment plans.

Figure 1 shows that the accuracy of the beam
delivery does not change after changing normali-
zation values. According to average gamma pass-
ing rate values there was a slight trend for reducing
passing rates compared to the original optimiza-
tion in case of the renormalization of 5 times 12 Gy
plans. In case of 3 Gy per fraction the average gam-
ma values were higher after renormalization. The
data was analyzed even patient by patient, but we
did not find any trend. As can be seen more clearly
in Figure 1B, the higher fraction doses are decreas-
ing, meanwhile the used optimization dose has no
well-defined effect on the gamma passing rates, as
can be seen in Figure 1C. The lower passing rates in
case of high fraction dose can be caused by the lim-
itation of the EPID detection for high dose levels.
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PDIP = portal dose image prediction;

This saturation effect is more expressed than the
impact of changing fraction dose. Former studies
have verified the usability of the Portal Dosimetry
system by testing the EPID based dose measure-
ments.’-2 Barbeiro et al. have demonstrated with
synthetic tests that a slight decrease in response
linearity can be observed at the high exposures
with FFF beams.®® Xu et al. found that the detec-
tor panel has a saturation in case of high dose-rate
beams, but it was clinically insignificant even at the
maximum dose rate of 2400 MU/min.** Pardo et al.
and Miri et al. investigated FFF beam dosimetry
plans and found no clinically relevant deviations,
but in these studies plans were not included using
beams over ca. 1000 MU.3>% Qur test plans have
high dose and high dose-rate values, that way the
two small effects are summed and lead to increased
deviations. Keeping the same optimization and us-
ing renormalization it was possible to evaluate the
pure effect of the fraction size. According to our
results the saturation effect can be clinical relevant
using 6 MV-FFF energy with high dose-rate (1400
MU/min) and high fraction dose values, because it
decreases the absolute CU values and the gamma
passing rates. During the definition of action limits
this effect has to be considered .37
Renormalization is a conservative, more rough
diversion of the original, optimized plan, than
changing prescribed isodose line. In that way any
clinically relevant isodose level can be used for
prescription, even a different fractionation scheme
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can be safely applied without reoptimization. The
change of the normalization after optimization
keeps the DVH parameters, and the accuracy of
dose delivery has no relevant diversion according
to gamming passing rate results.

Hernandez et al. concluded that Varian machines
prefer using MLCs or changing dose rates for dose
modulation instead of gantry rotation speed.* To
describe the complexity of a treatment plan many
types of metrics are used in radiotherapy.***> The
ACM, which is applied for evaluation in this study,
is related only to the MLC movement. According
to our results the changed dose normalization does
not change the MLC sequence, as can be concluded
from Figure 2A. Meanwhile as Figure 2B shows,
the used fraction dose during optimization has no
effect on the ACM score. There is no consensus in
the literature about the predictive usage of com-
plexity metrics; for example, Park et al. have found
correlation between metrics and gamma passing
rates, but according to the study of Glenn et al. for
a different metric there is no correlation.* Based
on our results, which can be seen in Figure 3, there
is no clear connection between the complexity of
the MLC pattern (ACM) and the gamma passing
rates.

The changes (mean values and deviations) of
gantry speed and dose rate or control point anal-
ysis can also be used to describe the modulation
level of a treatment plan.¥” Huang et. al have made
comparisons for cranial irradiation plans, focused
on the changing dose rate and MU values and they
found that plans with low daily dose, very high
dose rate have to be handled carefully.* Our re-
sults show that the speed parameters of delivery
do not predict the results of gamma analysis, as it
is illustrated in Figure 4.

The strength of our study was the systematic
and comprehensive analysis of the effect of dif-
ferent fraction dose values. The limitation of our
results is caused by using only one measurement
system (Portal Dosimetry), but this way it was
possible to reach excellent spatial resolution and
eliminate the additional errors from the usage of
different measurement systems. Further investiga-
tion can be applied for in-vivo measurements and
other beam energies.*-2

The fraction dose used for optimization and the
quality of the plan are independent from each oth-
er. Varying the prescribed isodose line can be ap-
plied safely, the delivery accuracy of the treatment
plan is constant, moreover, the fraction dose can
be changed after the dose optimization. Plan de-
livery parameters such as ACM, gantry speed and

Radiol Oncol 2021; 55(4): 508-515.

dose rate changes do not predict the gamma pass-
ing rate values. According to the EPID-based dose
measurements the gamma passing rate decreases
in the case of high fraction dose and high dose-rate
beams. This effect is caused by the saturation of
the MV detector panel which has to be considered
when the action limits of quality assurance system
are defined.

Acknowledgments

This study was supported by the Hungarian
Thematic Excellence Program of the Hungarian
National Research Development and Innovation
Office under grant Nr. TKP2020-NKA-26.

References

1. Ferlay J, Colombet M, Soerjomataram |, Mathers C, Parkin DM, Pifieros
M, et al. Estimating the global cancer incidence and mortality in 2018:
GLOBOCAN sources and methods. Int J Cancer 2019; 144: 1941-53. doi:
10.1002/ijc.31937

2. Maciejczyk A, Skrzypczynska |, Janiszewska M. Lung cancer. Radiotherapy
in lung cancer: actual methods and future trends. Reports Pract Oncol
Radiother 2014; 19: 35360. doi: 10.1016/j.rpor.2014.04.012

3. Videtic GMM., Donington J., Giuliani M., et al. Stereotactic body radiation
therapy for early-stage non-small cell lung cancer: executive summary of an
ASTRO Evidence-Based Guideline. Pract Radiat Oncol 2017; 7: 295-301. doi:
10.1016/j.prro.2017.04.014

4. Cheng M, Jolly S, Quarshie WO, Kapadia N, Vigneau FD, Kong FM. Modern
radiation further improves survival in non-small cell lung cancer: an analysis
of 288,670 patients. J Cancer 2019; 10: 168-77. doi: 10.7150/jca.26600

5. Vinod SK, Hau E. Radiotherapy treatment for lung cancer: current status
and future directions. Respirology 2020; 25(Suppl 2): 61-71. doi: 10.1111/
resp.13870

6. Shah JL, Loo BW. Stereotactic ablative radiotherapy for early-stage lung
cancer. Semin Radiat Oncol 2017; 27: 218-28. doi: 10.1016/j.semra-
donc.2017.03.001

7. Tian S, Higgins KA, Curran WJ, Cassidy RJ. Stereotactic body radiation
therapy vs. surgery in early-stage nonsmall cell lung cancer: lessons learned,
current recommendations, future directions. J Thorac Dis 2018; 10: 1201-4.
doi: 10.21037/jtd.2018.01.161

8. Shinde A, Li R, Kim J, Salgia R, Hurria A, Amini A. Stereotactic body radiation
therapy (SBRT) for early-stage lung cancer in the elderly. Semin Oncol 2018;
45: 2010-9. doi: 10.1053/j.seminoncol.2018.06.002

9. Chi A, Fang W, Sun Y, Wen S. Comparison of long-term survival of patients
with early-stage non-small cell lung cancer after surgery vs stereotactic
body radiotherapy. JAMA Netw Open 2019; 2: e1915724. doi: 10.1001/
jamanetworkopen.2019.15724

10. Lagerwaard FJ, Haasbeek CJA, Smit EF, Slotman BJ, Senan S. Outcomes of
risk-adapted fractionated stereotactic radiotherapy for stage | non-small-cell
lung cancer. Int J Radiat Oncol Biol Phys 2008;70: 685-92. doi: 10.1016/j.
ijrobp.2007.10.053

11. De Ruysscher D, Faivre-Finn C, Moeller D, Nestle U, Hurkmans CW, Le
Péchoux C, et al. European Organization for Research and Treatment of
Cancer (EORTC) recommendations for planning and delivery of high-dose,
high precision radiotherapy for lung cancer. Radiother Oncol 2017; 124:
1-10. doi: 10.1016/j.radonc.2017.06.003

12. Guckenberger M, Andratschke N, Dieckmann K, Hoogeman MS, Hoyer M,
Hurkmans C, et al. ESTRO ACROP consensus guideline on implementation
and practice of stereotactic body radiotherapy for peripherally located
early stage non-small cell lung cancer. Radiother Oncol 2017; 124: 11-7. doi:
10.1016/j.radonc.2017.05.012



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Temming S, Kocher M, Stoelben E, Hagmeyer L, Chang DH, Frank K, et al.
Risk-adapted robotic stereotactic body radiation therapy for inoperable
early-stage non-small-cell lung cancer. Strahlentherapie Und Onkol 2018;
194: 91-7. doi: 10.1007/s00066-017-1194-x

de Jong EEC, Guckenberger M, Andratschke N, Dieckmann K, Hoogeman
MS, Milder M, et al. Variation in current prescription practice of stereotactic
body radiotherapy for peripherally located early stage non-small cell lung
cancer: Recommendations for prescribing and recording according to the
ACROP guideline and ICRU report 91. Radiother Oncol 2020; 142: 217-23.
doi: 10.1016/j.radonc.2019.11.001

Ruggieri R, Stavrev P, Naccarato S, Stavreva N, Alongi F, Nahum AE. Optimal
dose and fraction number in SBRT of lung tumours: A radiobiological analy-
sis. Phys Medica 2017; 44: 188-95. doi: 10.1016/j.ejmp.2016.12.012

Atalar B, Mustafayev TZ, Sio TT, Sahin B, Gungor G, Aydin G, et al. Long-term
toxicity and survival outcomes after stereotactic ablative radiotherapy for
patients with centrally located thoracic tumors. Radiol Oncol 2020; 54: 480-
7. doi: 10.2478/raon-2020-0039

Widder J, Hollander M, Ubbels JF, Bolt RA, Langendijk JA. Optimizing
dose prescription in stereotactic body radiotherapy for lung tumours us-
ing Monte Carlo dose calculation. Radiother Oncol 2010; 94: 42-6. doi:
10.1016/j.radonc.2009.11.008

Ewing MM, Desrosiers C, Fakiris AJ, DeBliek CR, Kiszka DN, Stinson ER, et
al. Conformality study for stereotactic radiosurgery of the lung. Med Dosim
2011; 36: 14-20. doi: 10.1016/j.meddos.2009.10.004

Chan M, Wong M, Leung R, Cheung S, Blanck O. Optimizing the prescription
isodose level in stereotactic volumetric-modulated arc radiotherapy of lung
lesions as a potential for dose de-escalation. Radiat Oncol 2018; 13: 1-11.
doi: 10.1186/s13014-018-0965-6

Meng MB, Wang HH, Zaorsky NG, Sun BS, Zhu L, Song YC, et al. Risk-adapted
stereotactic body radiation therapy for central and ultra-central early-stage
inoperable non-small cell lung cancer. Cancer Sci 2019; 110: 3553-64. doi:
10.1111/cas.14185

Tsurugai Y, Takeda A, Sanuki N, Eriguchi T, Aoki Y, Oku Y, et al. Stereotactic
body radiotherapy for patients with non-small-cell lung cancer using
RapidArc delivery and a steep dose gradient: prescription of 60% isodose
line of maximum dose fitting to the planning target volume. J Radiat Res
2019; 60: 364-70. doi: 10.1093/jrr/rry112

Oku Y, Takeda A, Kunieda E, Sudo Y, Oooka Y, Aoki Y, et al. Analysis of suitable
prescribed isodose line fitting to planning target volume in stereotactic body
radiotherapy using dynamic conformal multiple arc therapy. Pract Radiat
Oncol 2012; 2: 46-53. doi: 10.1016/j.prro.2011.06.001

Ding C, Solberg T, Xing L, Heinzerling J, Timmerman R. SU-E-T-451: optimiza-
tion of normalized prescription isodose selection for stereotactic radiation
therapy: conventional vs. robotic linac. Med Phys 2012; 39: 3808-9. doi:
10.1118/1.4735540

Zheng D, Zhang Q, Liang X, Zhu X, Verma V, Wang S, et al. Effect of the
normalized prescription isodose line on the magnitude of Monte Carlo vs.
pencil beam target dose differences for lung stereotactic body radiotherapy.
J Appl Clin Med Phys 2016; 17: 48-58. doi: 10.1120/jacmp.v17i4.5965

Dickey M, Roa W, Drodge S, Ghosh S, Murray B, Scrimger R, et al. A planning
comparison of 3-dimensional conformal multiple static field, conformal arc,
and volumetric modulated arc therapy for the delivery of stereotactic body
radiotherapy for early stage lung cancer. Med Dosim 2015; 40: 347-51. doi:
10.1016/j.meddos.2015.04.006

Schwarz M, Cattaneo GM, Marrazzo L. Geometrical and dosimetrical uncer-
tainties in hypofractionated radiotherapy of the lung: a review. Phys Medica
2017; 36: 126-39. doi: 10.1016/j.ejmp.2017.02.011

Younge KC, Roberts D, Janes LA, Anderson C, Moran JM, Matuszak MM.
Predicting deliverability of volumetric-modulated arc therapy (VMAT) plans
using aperture complexity analysis. J Appl Clin Med Phys 2016; 17: 124-31.
doi: 10.1120/jacmp.v17i4.6241

Yaparpalvi R, Garg MK, Shen J, Bodner WR, Mynampati DK, Gafar A, et al.
Evaluating which plan quality metrics are appropriate for use in lung SBRT.
Br J Radliol 2018; 91: 1-8. doi: 10.1259/bjr.20170393

Feuvret L, Noél G, Mazeron JJ, Bey P. Conformity index: a review. Int J Radiat
Oncol Biol Phys 2006; 64: 333-42. doi: 10.1016/j.ijrobp.2005.09.028

Esch A Van, Huyskens DP, Hirschi L, Scheib S, Baltes C. Optimized varian aSi
portal dosimetry: development of datasets for collective use. J Appl Clin
Med Phys 2013; 14: 82-99. doi: 10.1120/jacmp.v14i6.4286

Moghadam SE, Nasseri S, Seyedi SS, Gholamhosseinian H, Momennezhad
M. Evaluation of application of EPID for rapid QC testing of linear accel-
erator. Reports Pract Oncol Radiother 2018; 23: 369-77. doi: 10.1016/j.
rpor.2018.07.008

Pocza T et al. / Verification of an optimizer algorithm

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Min S, Choi YE, Kwak J, Cho B. Practical approach for pretreatment
verification of IMRT with flattening filter-free (FFF) beams using varian
portal dosimetry. J Appl Clin Med Phys 2015; 16: 40-50. doi: 10.1120/jacmp.
v16i1.4934

Barbeiro AR, Parent L, Vieillevigne L, Ferrand R, Franceries X. Dosimetric per-
formance of continuous EPID imaging in stereotactic treatment conditions.
Phys Medica 2020; 78: 117-22. doi: 10.1016/j.ejmp.2020.09.009

Xu Z, Kim J, Han J, Hsia AT, Ryu S. Dose rate response of digital megavolt
imager detector for flattening filter-free beams. J Appl Clin Med Phys 2018;
19: 141-7. doi: 10.1002/acm2.12358

Pardo E, Novais JC, Lopez MYM, Maqueda SR. On flattening filter-free portal
dosimetry. J Appl Clin Med Phys 2016; 17: 132-45. doi: 10.1120/jacmp.
v17i4.6147

Miri N, Keller P, Zwan BJ, Greer P. EPID-based dosimetry to verify IMRT pla-
nar dose distribution for the aS1200 EPID and FFF beams. J Appl Clin Med
Phys 2016; 17: 292-304. doi: 10.1120/jacmp.v17i6.6336

Xia Y, Adamson J, Zlateva Y, Giles W. Application of TG-218 action limits to
SRS and SBRT pre-treatment patient specific QA. J Radiosurgery SBRT 2020;
7:135-47. PMID: 33282467

Alharthi T, Arumugam S, Vial P, Holloway L, Thwaites D. EPID sensitivity to
delivery errors for pre-treatment verification of lung SBRT VMAT plans. Phys
Medica 2019; 59: 37-46. doi: 10.1016/j.ejmp.2019.02.007

Son J, Baek T, Lee B, Shin D, Park SY, Park J, et al. A comparison of the qual-
ity assurance of four dosimetric tools for intensity modulated radiation
therapy. Radiol Oncol 2015; 49: 307-13. doi: 10.1515/raon-2015-0021

Radojcic DS, Rajlic D, Casar B, Kolacio MS, Obajdin N, Faj D, et al.
Evaluation of two-dimensional dose distributions for pre-treatment patient-
specific IMRT dosimetry. Radiol Oncol 2018; 52: 346-52. doi: 10.2478/
raon-2018-0019

Hernandez V, Saez J, Pasler M, Jurado-Bruggeman D, Jornet N. Comparison
of complexity metrics for multi-institutional evaluations of treatment plans
in radiotherapy. Phys Imaging Radiat Oncol 2018; 5: 37-43. doi: 10.1016/j.
phro.2018.02.002

Chiavassa S, Bessieres |, Edouard M, Mathot M, Moignier A. Complexity
metrics for IMRT and VMAT plans: a review of current literature and applica-
tions. BrJ Radiol 2019; 92. doi: 10.1259/bjr.20190270

Xu Z, Wang 1Z, Kumaraswamy LK, Podgorsak MB. Evaluation of dosimetric
effect caused by slowing with multi-leaf collimator (MLC) leaves for volu-
metric modulated arc therapy (VMAT). Radiol Oncol 2016; 50: 121-8. doi:
10.1515/raon-2016-0008

Park JM, Park SY, Kim H. Modulation index for VMAT considering both
mechanical and dose calculation uncertainties. Phys Med Biol 2015; 60:
7101-25. doi: 10.1088/0031-9155/60/18/7101

Park JM, Wu HG, Kim JH, Carlson JNK, Kim K. The effect of MLC speed and
acceleration on the plan delivery accuracy of VMAT. Br J Radiol 2015; 88:
16-24. doi: 10.1259/bjr.20140698

Glenn MC, Hernandez V, Saez J, Followill DS, Howell RM, Pollard-Larkin JM,
et al. Treatment plan complexity does not predict IROC Houston anthropo-
morphic head and neck phantom performance. Phys Med Biol 2018; 63.
doi: 10.1088/1361-6560/aae29%

Abdellatif A, Gaede S. Control Point Analysis comparison for 3 different
treatment planning and delivery complexity levels using a commercial
3-dimensional diode array. Med Dosim 2014; 39: 174-9. doi: 10.1016/j.
meddos.2013.12.005

Huang L, Zhuang T, Mastroianni A, Djemil T, Cui T, Xia P. Impact of small
MU/segment and dose rate on delivery accuracy of volumetric-modulated
arc therapy (VMAT). J Appl Clin Med Phys 2016; 17: 203-10. doi: 10.1120/
jacmp.v17i3.6046

Esposito M, Villaggi E, Bresciani S, Cilla S, Falco MD, Garibaldi C, et al.
Estimating dose delivery accuracy in stereotactic body radiation therapy: A
review of in-vivo measurement methods. Radiother Oncol 2020; 149: 158-
67. doi: 10.1016/j.radonc.2020.05.014

Olaciregui-Ruiz |, 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. doi: 10.1016/j.phro.2020.08.003

Consorti R, Fidanzio A, Brainovich V, Mangiacotti F, De Spirito M, Mirri MA,
et al. EPID-based in vivo dosimetry for stereotactic body radiotherapy of
non-small cell lung tumors: Initial clinical experience. Phys Medica 2017; 42:
157-61. doi: 10.1016/j.ejmp.2017.09.133

McCurdy BMC, McCowan PM. In vivo dosimetry for lung radiother-
apy including SBRT. Phys Medica 2017; 44: 123-30. doi: 10.1016/j.
jmp.2017.05.065

Radiol Oncol 2021; 55(4): 508-515.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Monitor_11.2.2017_1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 100
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 100
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'LoRes 1.3'] [Based on '[Smallest File Size]'] Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /SimulatePress
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


