


HIs were calculated for each plan, as described by equation|3] These were calculated by
extracting the D5y and Dgse, in the PTV _45Help structures, from the RayStation treat-
ment plans. A high level of homogeneity is wanted in the region within PTV _45Help,
as opposed to the positive LN regions. Therefore, the LN regions were excluded in this

calculation.

PCIs were calculated, as described by equation [, in 3 regions. One within the
PTV_45Help structure, using PIV = 45 Gy isodose volume, and TV = PTV_45Help.
Another PCI was calculated for the LNs to receive 55 Gy, using PIV = 55 isodose
volume, and TV = all CTV-N(#)55 combined. For patients with positive LNs to re-
ceive 57.5 Gy, PClIs were calculated in these regions as well, using PIV = 57.5 isodose
volume, and TV = all CTV-N(#)57.5 combined. The PCIs in the different regions are
hereby referred to as PClys, PCls5 and PCls7 5.

Based on both the treatment planning optimization and the QA measurements, the

following parameters were used for comparison of 6MV and FFF plans:

o Target volumes satisfying dose constraint
o OARs not satisfying dose constraints

o His

o PCIs

o Gamma pass rates

o MUs

o Delivery times

o PTV volume effect

3.5 Statistical analysis

The subsequent extraction of the dose distributions to target volumes and OARs was
carried out using the commercial software package MATLAB R2017a (The MathWorks,
Inc., Natick, Massachusetts US. MATLAB R2017b, 2017). This software was used for
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calculations and plotting of the results.

Because of a small number of samples (15 patients), the Wilcoxon signed rank test
was used for statistical analyses of the 6MV plans versus FFF plans, with respect
to the mentioned parameters. The test was conducted using the inbuilt MATLAB
function signrank(). This function uses a default significance level of 5%, which is
a commonly used significance level. In addition, MATLAB returns the exact p-value
and not the asymptotic p-value, which is appropriate when considering a small number
of paired samples. In addition to standard MATLAB plotting functions, trend lines
were calculated and plotted using the polyfit() and polyval() functions. The MATLAB

codes can be found in appendix B.
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4 Results

The 15 patients included in this study had different numbers of positive LNs. The
localization of these LNs also differed from patient to patient. Every patient had
between 1 and 4 positive LNs inside the true pelvis, while 4 patients had positive
LNs outside the true pelvis. The total PTV volumes, both for the pelvic and elective
primary target, and the boost PTV volumes, were found from RayStation. These are

depicted in table [4]

Table 4: Characteristics of the pathology of the 15 patients included in this study. The
positive LNs in the true pelvis were to receive 55 Gy, and the LNs outside the true pelvis
were to receive 57.5 Gy in total. The PTV volume is the sum of the PTV-T volume and the
PTV-E volume (boost PTV volumes not included). The boost PTV volume is the sum of all

PTYV boost volumes for the patient in question.

Patient # of LNs # of LNs PTV Total boost PTV FIGO
in true pelvis outside true pelvis volume [cm?] volume [cm?] stage

1 2 - 2011.54 119.37 I1B

2 3 - 1787.56 116.94 ITA

3 1 - 1957.08 41.10 I1B

4 4 1 2209.12 193.67 IB

) 2 - 2212.24 90.82 I1B

6 1 - 1426.20 31.24 I1B

7 3 1 2546.02 140.69 I1B

8 1 2 1967.47 107.32 I1B

9 2 - 2002.40 89.76 I11B

10 2 - 1741.75 83.20 I1B

11 ) - 2193.84 153.45 I11B

12 2 - 1828.56 80.66 I11B

13 2 - 1040.70 57.13 IB

14 1 1 2023.31 80.42 I1B

15 3 - 1610.81 90.37 IB
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4.1 Treatment plan evaluation

All standard 6MV plans and all FFF plans were able to meet the dose constraints
for the primary as well as for the LN target volumes. However, this lead to some
difficulties in meeting the dose requirements for some OARs and help structures. The
GTV-T + 10mm structure could not fulfill the constraints in any of the 30 plans. The
dose volume constraints for rectum and bowel bag were also hard to meet in several
plans. Figure [15]| shows the different OAR constraints that could not be fulfilled, and
the corresponding frequency (number of patients where the constraints could not be
fulfilled). The maximum dose constraints for the bladder, body and sigmoid were met
in all plans. An overview over which constraints that were exceeded for each patient

can be found in appendix A (tables A3-AS).

OAR constraints exceeded

Spinal canal (max 48 Gy) F 5 g'g;! |
Rectum (max 95% at 30 Gy)
Rectum (max 85% at 40 Gy) ﬁ'

GTV-T+10mm (max 46.40 Gy)
Femoral heads (max 50 Gy) ;
Bowel bag (max 57.5 Gy) i’
Bowel bag (max 500ccm at 30 Gy) i’
Bowel bag (max 250ccm at 40 Gy) ﬁ'

Bladder (max 85% at 30 Gy) s

Bladder (max 75% at 40 Gy) E

0 5 10 15
Frequency

Figure 15: Bar chart showing the frequency of different OARs that could not fulfill the
dose contraints. The constraints are indicated within parenthesis after the OAR name. The

frequency is the number of patients in which the OAR dose constraints were exceeded. The

bar graph is made in MATLAB.
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To evaluate the clinical impact of the OARs exceeding dose constraints, it was inves-
tigated by how much the different OARs and help structures exceeded the constraints,
both for the standard 6MV and FFF plans. The absolute exceedings, measured in Gy,
are depicted in figure[I6] For the dose volume constraints, the absolute exceeding indi-
cates how many additional Gy were recorded at the partial volume. The 95% volume
of the rectum exceeded its limit the most, with more than 7 Gy additional in median

to this volume. Most other constraints were exceeded with less than 5 Gy in median.

OAR constraints exceeded

Spinal canal (max 48 Gy) [y . s
[ JFFF
Rectum (max95% at30 Gy)r . e T -

Rectum (max 85% at 40 Gy) [~ ~ e |

GTV-T+10mm (max 46.4 Gy) | mm/——— — — — — — — — _ _.
Femoral heads (max 50 Gy) [~ =

Bowel bag (max 57.5 Gy) [—mm— —

Bowel bag (max 500cem at30 GY) f —rmmmmmm—m—— . .
Bowel bag (max 250ccm at40 Gy) I~ ~ _ T .

Bladder (max 85% at 30 GY) [

Bladder (max 75% at40 Gy)f  'm , ,
0 5 10 15
Exceeded dose [Gy]

Figure 16: Box plot showing how much the OARs/structures exceeded their respective dose

constraints in Gy, for both 6MV and FFF plans. The dose constraints are indicated in
parenthesis after the name of each OAR/structure. The red line is the median value. The
right and left edges of the boxes indicates the 75th and 25th percentiles respectively. The
black whiskers extends to the most extreme data points. The red + mark is a possible outlier.

The box plot is made in MATLAB.

For the dose volume constraints, figures [17] and [1§| depict the exceedings for the

OARs in percent and cm? respectively. In ﬁgure it is indicated how many additional
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percent of the volume lying within the given dose level. The rectum dose constraints
were exceeded the most, and in some cases 100% of the rectum volume lied at the
30 Gy and 40 Gy dose level. The bladder constraints were not exceeded as much as
the rectum constraints, and the 30 Gy and 40 Gy dose levels never covered the entire
bladder volume. In figure it is indicated how many additional cubic centimeters
were lying within the given dose level. A large part of the bowel bag volume was often
lying within the 30 Gy dose level. In extreme cases, more than 500 additional cubic
centimeters were recorded at this dose level in FFF plans. At the 40 Gy dose level, the

exceeding volumes were in general smaller.

OAR constraints exceeded

S

Rectum (max 95% at 30 Gy) + sy | -
(eSS o —
————— q b=

Rectum (max 85% at 40 Gy)

Bladder (max 85% at 30 Gy) +

Bladder (max 75% at 40 Gy) |

It

0 5 ’IIU ‘ll5
(%]
Figure 17: Box plot showing how much each of the OARs exceeded their dose volume con-
straints in percent. The exceeded percentage indicated is the absolute exceeding. The red
line is the median value. The right and left edges of the boxes indicates the 75th and 25th

percentiles respectively. The black whiskers extends to the most extreme data points. The

box plot is made in MATLAB.
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OAR constraints exceeded

Bowel bag (max 500ccm at 30 Gy) -

Bowel bag (max 250ccm at 40 Gy) 1

|_-___ ] I v
[__IFFF

0 100 200 300 400 500 600
[ccma]

Figure 18: Box plot showing how much each the bowel bag structures exceeded the dose
volume constraint. The plot indicates how many additional cubic centimeters were lying
within the 30 Gy and 40 Gy isodose respectively. The red line is the median value. The right
and left edges of the boxes indicates the 75th and 25th percentiles respectively. The black
whiskers extends to the most extreme data points. The box plot is made in MATLAB.

The HIs for the 6MV and FFF plans were calculated as described by equation [3|
The mean and standard deviation for 6MV and FFF are shown in table[5l HI for each
plan can be found in appendix A (table . Statistical analysis of the HIs for 6MV
and FFF plans, returned p = 0.02, meaning that the HIs were significantly different.
As the mean HI for the 6MV plans was lower than that for FFF plans, this implies

that the 6MV plans were more homogeneous.

Table 5: The mean HIs of the 6MV and FFF plans, including the standard deviation. The
HIs for 6MV and FFF plans were significantly different (p = 0.02).

6MV FFF

Mean 1.071 1.076
Std 0.012 0.015
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The PCIs for the 6MV and FFF plans were calculated as described by equation [4]
The mean and standard deviation PClys, PCls5 and PCls; 5, for both 6MV and FFF
plans, are shown in table [f] PCI values for each plan can be found in appendix A
(table . Statistical analysis of PCIs for 6MV and FFF plans compared, returned p
= 0.60, p = 0.85 and p = 0.13 for PCly5, PCI55 and PCl5; 5 respectively. This means
that none of the PCIs were significantly different for 6MV versus FFF plans.

Table 6: The mean PCIs for the 6MV and FFF plans, including the standard deviation.

PClys, PClIs5 and PClsy 5 indicate the regions where the PCls are calculated, as described in

section @

6MV FFF

PCI45 PCI55 PCI57.5 PCI45 PCI55 PCI57.5

Mean 0.70  0.53  0.72 0.69 052  0.66
Std 0.04 0.05 0.17 0.06  0.07  0.15

4.2 QA measurements

From the QA measurements, several parameters were extracted to compare the 6MV

and the FFF plan deliveries. These are presented in the following sections.

4.2.1 Gamma pass rates

The gamma pass rate was analyzed for separate arcs as well as for the total plans. The
results are depicted in figure and table []] Gamma pass rates for each individual
patient can be found in appendix A (table . The total pass rate was higher for the
6MV plans than for the FFF plans in all but one patient (patient 12). This result was
significant, with p = 1.8 - 1074,
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Gamma pass rates
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Figure 19: Boxplots of the passrates of both 6MV and FFF plans. The red line is the median
value. The upper and lower blue edges of the boxes indicates the 75th and 25th percentiles
respectively. The black whiskers extends to the most extreme data points, while the red +

marks are possible outliers. The boxplot is made in MATLAB.

Table 7: The mean and standard deviations of the gamma pass rate measurements for both

6MV and FFF plans.

6MV FFF

arcl [%] arc2 [%] Total [%] arc3 [%] arcd (%] Total [%]

Mean 99.1 98.8 98.9 95.4 97.9 94.3
Std 1.2 1.3 1.8 6.9 1.9 4.9

Figure shows a pairwise comparison of the gamma pass rates of the the two
different plans for all patients. All the 6MV plans, and 11 of 15 FFF plans, were

delivered with a gamma passing rate greater than 90%.

42



Individual gamma pass rates
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Figure 20: Bar chart showing the total gamma pass rates of both 6MV and FFF plans. The
bar chart is made in MATLAB.

4.2.2 MUs

The total number of MUs were significantly greater for all the FFF plans (p = 6.1-107°).
The box plot in figure [21] shows the median total number of MUs for the 6MV and the
FFF plans. The scatter plot in figure 22 shows the total number of MUs in 6MV plans

vs FFF plans, for each individual patient.
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Monitor units for 6MV and FFF beams
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Figure 21: Boxplots of the total MUs for both 6MV and FFF plans. The red line is the
median value. The upper and lower edges of the boxes indicates the 75th and 25th percentiles
respectively. The black whiskers extends to the most extreme data points, while the red +

marks are possible outliers. The boxplot is made in MATLAB.

Monitor units (6MV vs FFF)
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Figure 22: Scatter plot showing the total MUs for the 6MV versus the FFF plans. The blue

line is a unity line (x = y). All points lie above the unity line, indicating that the MUs were

higher for all FFF plans. The scatter plot is made in MATLAB.
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The number of MUs were significantly greater for each individual arc in the FFF
plans, compared to the corresponding arcs of the 6MV plans (p = 1.7 - 107%). Figures
and shows scatter plots of the MUs for each arc of the 6MV and FFF plans
respectively. The MUs are plotted versus the gamma pass rate of each arc. The MUs
for each patient, both total and for individual arcs, can be found in appendix A (table
. Figure |25/ shows the total MUs vs total gamma pass rate for the 6MV and FFF
plans. The trend lines plotted indicates that the pass rates for the FFF plans decreases
with increasing MUs. This is not the case for the 6MV plans.

105 Monitor units vs pass rate (6MV beams)

100 Rk % * 3@;** *;e *95%% % e *
* *

* *
95

90 |

85

Pass rate [%]

80

#  arcl
#  arc2

70 | 1 1 1 1 1 | 1 1
160 180 200 220 240 260 280 300 320 340

MUs

Figure 23: Scatter plot showing the MUs vs pass rates for 6MV plans. The plot is made in
MATLAB.
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105 « Monitor units vs pass rate (FFF beams)
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Figure 24: Scatter plot showing the MUs vs pass rates for FFF plans. The plot is made in
MATLAB.

Total monitor units vs total pass rate
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Figure 25: Scatter plot showing the total MUs vs the total gamma pass rate for both 6MV
and FFF plans. Trend lines are also included for both 6MV and FFF plans. The plot is
made in MATLAB.
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4.2.3 Delivery times

Figure shows the measured delivery times for 6MV versus FFF beams, with the
individual arcs compared. It can be noticed from this plot that delivery times for the
second arc in both 6MV and FFF plans (arc2 and arc4) were higher than the first
arc. In addition, the delivery times for 6MV arcs were in general higher than that
of the FFF arcs. However, statistical analysis of the delivery times of corresponding
arcs for 6MV versus FFF plans returned p = 0.09, meaning that the delivery times of
individual corresponding arcs were not significantly different. The total delivery times
for the 6MV and FFF plans can be seen in figure 27 The total delivery times for
6MV plans were not significantly different from total delivery times of the FFF plans

(p = 0.25). Both measured and RayStation estimated delivery times can be found in

appendix A (tables and [A12)).

Delivery times (6MV vs FFF)
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Figure 26: Scatter plot showing measured delivery times for each arc of the 6MV versus FFF
plans. The blue line is a unity line (x = y). Points lying below this line indicate longer

delivery time for 6MV plans, and vice versa The plot is made in MATLAB.
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170 « Total delivery times (6MV vs FFF)

*  Measured data
(x=y) *

165

160 *

FFF [s]

1585 *

150 + * *

145 1 1 1 Il J
145 150 155 160 165 170

6MV [s]
Figure 27: Scatter plot showing total measured delivery times for 6MV versus FFF plans.
The blue line is a unity line (x = y). Points lying below this line indicate longer delivery

time for 6MV plans, and vice versa. The plot is made in MATLAB.

Figures and shows measured delivery times versus RayStation estimated
delivery times for 6MV and FFF plans respectively. Statistical analyses of these data
returned p = 1.7-107% and p = 6.8-10~* respectively. This implies that the RayStation
estimated delivery times were higher than the measured delivery times, both for 6MV

and FFF plans.
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Delivery time 6MV (RayStation vs measured)
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Figure 28: Scatter plot showing RayStation estimated delivery times vs measured delivery

times for 6MV plans. The plot is made in MATLAB.

Delivery time FFF (RayStation vs measured)
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Figure 29: Scatter plot showing RayStation estimated delivery times vs measured delivery
times for FFF plans. The blue line is a unity line (x = y). Points lying below this line indicate

longer RayStation estimated delivery time, and vice versa. The plot is made in MATLAB.
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4.2.4 PTV volumes

Figure 30| shows a scatter plot for the total PTV volumes versus the total gamma pass

rate for each patient. Trend lines are included in the plot. It can be noticed that the

total pass rates decreases as the total PTV volume increases, both for 6MV and FFF

plans.
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Figure 30: Scatter plot showing the total PTV volume versus the total gamma pass rate for

each patient. Trend lines are also included for both 6MV and FFF plans. The plot is made

in MATLAB.

The relative PTV boost volume is plotted against pass rate in figure with trend

lines included. As the trend lines indicate, the total pass rates for the 6MV and FFF

plans slightly increased and decreased respectively, with increasing relative PTV boost

volume.
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Relative PTV boost volume vs total gamma pass rate
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Figure 31: Scatter plot showing the relative PTV boost volume versus the total gamma pass
rate for each patient. The relative PTV boost volume is the volume of the PTV-N(#)s
divided by the total PTV volume (PTV-T + PTV-E + PTV-N(#)). Trend lines are also
included for both 6MV and FFF plans. The plot is made in MATLAB.
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5 Discussion

The main priority of the treatment plan optimization was to fulfill the dose constraints
for both primary and LN target volumes. This was achieved for all plans, both 6MV
and FFF. As seen in figure[15], several OAR and help structure constraints could not be
fulfilled, which was the second priority. These constraints were exceeded slightly more
frequently in FFF plans than in the standard 6MV plans. In terms of how much the
constraints were exceeded, the 6MV and FFF plans were roughly equal. In a study on
postoperative VMAT treatment of cervical cancer, Zhang et al found that the target
volume dose coverage and OAR sparing was about equal for standard 6MV and 10MV
plans compared to FFF plans with the same energies [IT]. This is similar to what
was found in this study. In terms of OAR sparing, VMAT FFF are then likely more
useful for other cancer types, as it has been shown to improve OAR sparing in e.g

nasopharyngeal carcinoma [44] and hypopharynx carcinoma [45].

The main dose constraint issue was the "GTV-T+10mm” structure, which exceeded
its dose constraint (maximum 46.6 Gy) in all plans. The purpose of this auxiliary
structure was to reduce hot spots in OARs in the region around the primary pelvic
target, especially in the rectum and the bladder, but also the sigmoideum. When the
primary target volume receives an additional dose from BT, these nearby OARs will
also be irradiated to some extent, and so the ”GTV-T+10mm” structure aimed to keep
the EBRT dose in this region below 46.4 Gy. The rectum and the bladder overlapped
with the ”GTV+10mm” in all but 2 patients, and in some patients the rectum and the
bladder overlapped with GTV-T as well. An option would be to specifically optimize
the dose distribution in these overlapping regions only. In such cases, auxiliary struc-
tures could be made for the overlapping regions, and dose objectives could be defined to
reduce the dose in these regions. But, due to differences in bladder and rectum filling,
movement of the uterus etc. the anatomy of a patient can alter notably between EBRT
treatments. Treatment planning optimization based on such overlapping regions, might
then be in vain. Therefore, the strategy of using the ”GTV-T+10mm” structure for

the above mentioned purpose was chosen, with a maximum dose constraint in a well
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defined area around the GTV-T.

The "GTV-T+10mm” structure was enclosed by the PTV-T structure in all patients,
and in some patients also by the CTV-T. These structures had prioritized dose con-
straints that aimed to keep the dose at about 45 Gy in the same area. PTV-N(#)s
were generally localized laterally far from the ”GTV-T+4+10mm”, but in some cases,
these were also localized close to the primary pelvic target volume, and hence close
to the "GTV-T+10mm”. This is visualized in figure In a few cases, the "GTV-
T+10mm” even overlapped with a PTV-N(#), initially. Because of such overlapping
with PTV-N(#)s, and enclosure of the ”GTV-T+10mm” within PTV-T and CTV-
T, the optimization algorithm would have difficulties finding a suitable compromise
to satisfy the dose constraints all structures. For this reason, the ”GTV-T+10mm”
structure was in this study cropped around the PTV-N(#) structures with which it
initially overlapped. The purpose of this was to enable a high dose to the PTV-N(#),
and at the same time keep the "GTV-T+10mm” dose below 46.4 Gy. However, the
latter was not possible in any plans. Attempts to increase the objective weight for
the "GTV-T+10mm” structure decreased the target structure doses below their min-
imum constraints, which was not allowed. A cropping of ”GTV-T4+10mm” around
PTV-N(#)s with an additional margin could be an alternative to the cropping strat-
egy used in this study. This might have contributed to reaching the dose constraint
aim for the "GTV-T+10mm”, but at the cost of less control of the dose level in the
region between the "GTV-T+10mm” and the PTV-N(#)s. Even though the defined
"GTV-T4+10mm” constraint could not be met in any plans, the objective is considered
by the optimization algorithm. Therefore, the aim of reducing the dose in this region
will be achieved to some extent. As seen in figure [I6, the ”GTV-T410mm” structure
exceeded its dose constraints with less than 3 Gy in most cases. As this structure is
an auxiliary structure, and not an OAR, such exceedings can be tolerated in a clinical
setting. Both the size of this help structure and the maximum dose constraint may be
adjusted to get a more robust calculation, and secure that the nearby OARs in this
region will not receive too high doses from the EBRT. This is not further considered

in this work, but should be considered for future work. It should also be noted that
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because of small alterations in anatomy, as discussed above, the RayStation estimated
doses is not necessarily exactly equal the actual delivered doses. However, daily CT

images are taken for verification, to ensure that this error is as small as possible.

The dose volume constraints for the rectum and bowel were also hard to fulfill in
several cases (figure . As seen in figure [16| the absolute exceedings measured in Gy
were highest for the rectum dose volume constraints. The constraint of maximum 95%
at 30 Gy were exceeded with about 7-8 Gy in median, meaning that 95% of the rectum
volume received a dose of about 37-38 Gy in median. The 85% rectum volume exceeded
its dose volume constraint with half of that of the 95% volume in median. From figure
[I7, it can be seen that the rectum dose volume constraints were also exceeded the
most in absolute percent. In extreme cases 100% of the rectum volume were within
the 30 Gy and 40 Gy level. The bladder constraint were exceeded to a somewhat lesser
extent. The dose volume constraints for the rectum and the bladder can be difficult
to fulfill in many cases, because of the positioning of these organs close to the cervix.
In several patients these OARs also overlapped with the PTV-T. But even if the dose
volume constraints for the rectum and bladder were exceeded frequently, the maxi-
mum dose constraints for these OARs were fulfilled in all patients, which is commonly
prioritized over the dose volume constraints. The bowel bag is located more laterally
to the cervix. But because of its large volume and varying geometry, the bowel bag
might also be exposed to a larger dose than what is desired. In extreme case, over 500
additional cubic centimeters were lying at the 30 Gy dose level (figure . However,
the dose exceedings to the most irradiated 250cm?® and 500cm?® were mostly below 5
Gy. In addition, the maximum dose constraint for the bowel bag was exceeded with
less than 3 Gy in all plans but one. The maximum dose constraints were exceeded for
the bowel bag, femoral heads and the spinal canal in some cases. Slight exceedings
can be tolerated for bowel bag and femoral heads in a clinical setting, but exceeding
of the maximum dose constraint for the spinal canal is normally not tolerated. How-
ever, because the target dose coverage was the main priority, and that the spinal canal
constraints were only exceeded slightly (figure , the plans were approved. For all

constraints, the absolute dose exceedings were roughly equal for 6MV plans and FFF
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plans. No results could be found to conclude otherwise. The dose constraints for the
body, kidneys and sigmoid were fulfilled in all plans, both 6MV and FFF. All in all,
this is a good representation of the challenges faced by medical physicists and radiation
therapists in a clinical setting. The desire of delivering high doses to target volumes
while keeping the OAR doses low cannot always be satisfied, and so appropriate pri-

orities must then be made.

The HIs of the 6MV plans were significantly lower than that of the FFF plans (p
= 0.02), implying a better homogeneity for 6MV plans. However, both 6MV and FFF
plans had Hls in the same order of magnitude, and so the clinical relevance may be con-
sidered negligible. Both were considered to be satisfactory with respect to homogeneity
of the dose distributions. As stated in section [2.3.8] there are other possible definitions
of the HI. Pathak and Vashisht [46] did a comparison of 5 HI definitions in relation to
IMRT of cervical cancer, among them the S-index proposed by Yoon et. al in 2007 [47].
The HI included in their comparison was defined as (Day, - Dosy ) /Dy, where Doy, and
Dygy, are the doses to 2% and 98% of the PTV respectively, and D,, is the prescribed
dose. Different definitions of the HI yielded different quantitative measurements of the
homogeneity, which illustrates that an exact measure of the homogeneity is not trivial.
However, as the purpose of calculating Hls in this study was comparison of 6MV and
FFF plans, the choice of definition was not a major issue. A more relevant issue would
be comparisons of the found HIs with other studies. Both Zhang et. al [11] and Kumar
et. al [35] used the same definition of HI as used in this study, for postoperative FFF
VMAT treatment of cervical cancer and FFF rapid arc RT planning for cervical car-
cinoma, respectively. Zhang et.al found a mean HI of 1.11 for standard 6MV VMAT
plans, and 1.12 for FFF VMAT plans. Kumar found respective Hls of 1.05 and 1.06.
In both studies the differences between standard 6MV and FFF HIs were found to be
significant, even though the differences were small. A similar result was also found in
this study, with the mean HIs from this study being somewhere in between the above

mentioned HIs. It is therefore considered as a reasonable result.

The PCIs for the 6MV and FFF were calculated as described in section B.4l The
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reason for splitting the PCI calculation into 3 different regions was to examine if the
conformity of the 6MV plans were better than that of the FFF plans in these regions,
or vice versa. A PCI = 1 implies perfect conformity, and so the results might suggest
that the conformity of both 6MV and FFF plans were relatively poor. However, this
is not an exact conclusion. Because of the choices of PIVs and TVs in the different
regions, the PCls were likely to be less than 1. In the PTV_45Help region the dose ob-
jective was set to be at least 42.75 Gy to 95% of the volume (table[2). A PIV = 45 Gy
isodose volume would then not be likely to overlap with the entire TV = PTV_45Help
volume. The calculated PCI in this region would then indicate a poor conformity.
In the regions with positive LNs, the CTV-N(#)s (55 and 57.5) were defined as the
TVs, and the 55 Gy and 57.5 Gy isodose volumes were defined as corresponding PIVs.
These isodose volumes will not only be confined to the CTV-N(#)s, but also in parts
of the surrounding PTV-N(#)s. Therefore, the PIVs and TVs in these regions would
not overlap perfectly. Because of this, the PCIs in these regions would also indicate
a sub-optimal conformity. The TVs and PIVs could have been chosen differently in
the different regions, to determine the PCIs more exactly. One possibility would be
to choose the 42.75 Gy isodose volume as the PIV in the PTV_45Help region. This
would give a higher PCI, as these volumes will overlap to a larger extent. Another
possibility would be to choose the PTV-N(#)s as TVs, rather than the CTV-N(#)s in
the LN regions. But as the dose objectives for the PTV-N(#)55 and PTV-N(#)57.5
were minimum 50 Gy and minimum 52 Gy respectively, corresponding PIVs must had
been chosen to appropriately to acquire the real conformity. Other choices for TVs
and PIVs could also have been suitable in the different regions. However, the main
purpose of calculating the PCIs was to compare the conformity of the 6MV plans with
that of the FFF plans. The choice of PIVs and TVs in different regions were therefore
satisfactory for this study. The results showed no significant difference in PCls in any

regions, implying that the conformity of the 6MV and FFF plans were equal.

As with the HI, there are many different ways to define the conformity index. Park
et al compared 9 different conformity indices [48], and proposed additional two indices

for calculating conformity. As different definitions of conformity index has different
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advantages and disadvantages, the choice is dependent on the purpose. For compari-
son of 6MV and FFF plan conformities, the choice of PCI in this study was adequate,
as it will be calculated in the similarly for both plans. Even though it was not explic-
itly expressed in their article that they used the Paddick conformity index, the same
definition of CI (as PCI) was used by Zhang et al [II]. They found a mean CI of
0.78, for both standard 6MV and FFF plans in their study of postoperative VMAT
treatment for cervical cancer. This is a slightly better conformity than what was found
in this study. However, the article by Zhang et al. expressed that the PTV was used
as TV, and the prescribed isodose to this volume was used as PIV. As these volumes
are supposed to overlap perfectly, this choice of TVs and PIVs is likely to yield a good
CI. The fact that the CIs for 6MV and FFF plans were not statistically different, is in

correspondence with what was found in this study.

The total gamma pass rate was significantly higher for the 6MV plans than for the
FFF plans (p = 1.8-107%), and every 6MV plan had a gamma pass rate satisfying the
clinical criterion of at least 90%. There was only one patient where the total gamma
pass rate was higher for the FFF plan than for the 6MV plan. This suggests that the
6MV plans can be delivered more accurately by a clinical linac, than the FFF plans.
However, 11 of 15 the FFF plans were satisfying the clinical criterion of at least 90%
gamma pass rate. The dosimetric delivery of FFF plans has been shown to be accept-
able in other studies as well, both for IMRT, rapid arc and VMAT-stereotactic ablative
body radiotherapy [49, [50].

4 of the FFF plans had a gamma pass rate below the 90% criterion. For 3 of these
patients, each individual arc had a gamma pass rate of more than 90%. However,
because of coinciding errors in each arc, the total gamma pass rates for these plans
fell below the passing criterion. The 4 patients were further investigated to examine
if there were specific issues with the treatment delivery in specific regions, e.g the LN
targets. The recorded data showed no specific regions where neither the absolute or
relative dose differences, nor the gamma index, were higher than in other regions. In

the gradient area of the beam the relative dose difference can be large, because small
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changes in position can lead to large differences in doses. For patient 2, however, it
was noticed that the relative dose differences were largest at the center, and not in the
gradient region. The largest differences and gamma ratios seemed to be localized ran-
domly over the PTV-T, PTV-E and boost PTVs for all 4 patients. Determination of
any specific regions causing poor deliveries could not be done from the measured data.
Measurements in RayStation, done after the QA measurements, showed that a few
patients had target volumes that stretched over 30 cm in the craniocaudal direction.
This was the case for 3 of the 4 patients (patients 2, 7 and 14) in which the FFF plans
had a pass rate below 90%. The detector plates of the phantom was 200mm x 200mm,
and so for long target volumes, one single measurement might not be adequate to
yield sufficient data. However, the corresponding 6MV plans, for the 3 mentioned
patients, were all delivered with a satisfying gamma pass rate, which could indicate
that a possible loss of data due to long target volumes was not necessarily critical.
Regardless, in order to improve the assessment and localization of specific issues in the
FFF plans, the QA measurements could have been carried out more thoroughly. The
Delta4 software offers to split VMAT plans for long targets into two separate plans.
Instead of measuring in the region covered by the detector plates of the phantom only,
separate measurements can be done for the cranial and the caudal half of the target.
This might improve the possibility of pointing out specific regions with large errors,
and should be considered for future work. The dose range used in these measurements
was 50%-500% of the maximum dose in the QA plan, which is in correspondence with
clinical practice. Increasing this dose range could improve the possibility of determin-

ing regions with large errors, and should also be considered in future work on this issue.

It has been shown that the MUs required for delivering FFF plans are greater than for
standard 6MV plans, e.g in VMAT-stereotactic ablative body radiotherapy [49]. This
was also the case in this study. The number of MUs required were significantly greater
in FFF plans than 6MV plans, both totally (p = 6.1-107°) and for corresponding arcs
(p =1.7-107%). This is a consequence of the inhomogeneous nature of the FFF beams
leading to more modulated plans (requiring more MUs) than standard 6MV plans. In-

creased total MUs seemed to decrease the gamma pass rate for the FFF plans, as seen
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in figure [25] Because of the high dose rate of the FFF beams, a rapid MLC modulation
is required to deliver the prescribed dose correctly. This is not a critical issue in the
optimization in the treatment planning system, but when it comes to the actual deliv-
ery the rapid MLC modulation required may not be achieved, because of the complex
geometries of the target volumes in cervical cancer. As the target volumes increase, and
then possibly also the geometrical complexity, these rapid MLC modulations might be
even harder to achieve. Rapid MLC modulations are often not required in the cases of
certain lung and brain cancers, because the target volumes tend to be smaller and have
less complex shapes [51]. In such cases, FFF beam delivery are a feasible tool [33], 52].
FFF beams are also used at St. Olavs Hospital in stereotactic treatments. As seen in
figure [25] the total gamma pass rate for 6MV plans seemed to increase slightly with
increasing MUs. However, with 15 6MV treatment plans this slight increase is likely
observed because of random variations in the 6MV plans. With an increased number
of 6MV treatment plans, a possible correlation between increased MUs and increased
pass rate could have determined more precisely. This is also true for the FFF plans.
However, the 15 FFF plan pass rates decreased with a much steeper gradient, which is

unlikely to occur because of random variations only.

Studies have shown that FFF beams can reduce the treatment time [I1} [34], which
is a main advantage of using FFF beams. In this study, the total measured FFF plan
delivery times were mostly shorter than for the corresponding 6MV plans. However,
the delivery time differences were only in a matter of seconds, and they did not differ
significantly, neither in total delivery times (p = 0.25), nor in individual arc deliv-
ery times (p = 0.25). With an increased number of patient treatment plans, these
differences between 6MV and FFF plan delivery times might have been shown to be
statistically significant. But even if the differences in delivery times had been shown to
be significant, the clinical relevance would likely be negligible. The largest difference
observed in delivery times for 6MV and FFF plans was 13 seconds. With total delivery
times in the order of about 160 seconds, such a difference does not contribute to saving

clinical resources, nor improving patient comfort, to an appreciable extent.
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As stated in section [3.3] the actual delivery times were measured manually using a
stopwatch. This is a source of error, as it is practically impossible to start and stop
the watch at exactly corresponding times for all of the 30 treatment plan deliveries. To
make these measurements more precisely, a software including a timer function con-
nected to the linac delivery would be suitable to determine the exact delivery times.
However, it is unlikely that the uncertainty in the manual measurements was more

than 1 second, and so the end result is practically the same.

RayStation estimated delivery times were significantly higher than measured deliv-
ery times, both for 6MV and FFF plans. It should be noticed that the RayStation
estimated delivery times for the 6MV plans were 90 seconds in all but one plan (figure
28)). This is probably because the plans are made with a time limitation of maximum
90 seconds per arc, and therefore this is also the RayStation estimated delivery time.
However, this was a default setting in RayStation, which was not altered in any of the
6MV plans. For the FFF plans, the RayStation estimated times were lower than 90
seconds, even though no alterations were made to change the maximum delivery time
limitation for these plans. As seen in figures 28| and [29| there are notable differences
between measured and RayStation estimated delivery times for both 6MV and FFF
plans. This is not a critical issue, but it is probably due to the fact that when a treat-
ment plan is transferred to a linac, it is the linac that controls the plan delivery in
terms of the actual dose rate, MLC modulation and gantry speed. The main priority is
that the MLC shape at every control point, and the number of MUs that are delivered
between the control points, are correct. Then the actual delivery time is dependent on

the aforementioned parameters only, and it is not affected by estimated delivery time.

When evaluating the total PTV volume versus the total gamma pass rates (figure
, increasing PTV volume seems to decrease the total pass rate for FFF plans. This
is a reasonable result, since increased PTV volumes can increase the complexity of the
PTV volume geometries. As discussed above, this can cause problems for satisfactory
FFF plan delivery. The decrease of total gamma pass rate with increasing PTV volume

can also be seen for 6MV plans. However, this is a very slight decrease compared to
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that of the FFF plans. In addition, a doubling of the total PTV volume decreased the
6MYV pass rate with less than 1%. Such a difference is not an issue in clinical practice,
especially since the pass rate is close to 100%. With only 15 samples, this slight de-
crease can also be due to random variations in the treatment plans. This could also
be the fact for the FFF plans, but the decreasing trend is notably greater for than for
the 6MV plans, and is considered unlikely to be due to random variations only. When
evaluating the relative PTV boost volumes (PTV-N(#)s) versus the total gamma pass
rates, the pass rates does not change dramatically. Figure 31| shows that the pass rates
for the FFF plans decreases with increasing relative PTV boost volume. However, this
a slight decrease. Similary, the 6MV plan pass rates seem to increase slightly with
increasing relative PTV boost volume. These changes are not significantly large, and
might be caused by random variations in each plan. Such variations can strongly affect
the calculated trend line when the number of samples are limited to 15 in each case.

A greater number of plans would therefore be required to assess this issue more exactly.

It should be noted that the results are mainly analyzed based on the total plans,
but also the individual arcs. However, the corresponding arcs of 6MV and FFF plans
(e.g arcl and arc3) do not necessarily treat the same regions of the target volumes.
E.g. arcl for the 6MV beam might focus on the cranial part of the target volume,
while arc3 for the corresponding FFF beam is focused on the caudal part. If there
is such a difference, there will naturally be differences in the measured parameters.
Therefore, a direct comparison between corresponding arcs does not necessarily reflect
the difference in quality of the two plans. Therefore, the total plans have been the

main focus.

All in all, both standard 6MV treatment plans and FFF plans could be made satisfying
the EMBRACE II protocol dose constraints. There were some difficulties reaching all
aims for both target volumes and OARs, but this is also a common issue in a clinical
setting. Assessments can be done as to whether some of the constraints should be
altered, although this is not considered in this study. OAR constraints were exceeded

slightly more frequently in FFF plans than in standard 6MV plans. The homogeneity
61



were also significantly better for 6MV plans than for FFF plans, even though this dif-
ference was small. The clinical relevance of this finding may therefore be slight. The
conformity of the 6MV and FFF plans were statistically similar. Even if both 6MV and
FFF plans were roughly equal in terms of treatment planning aims, the 6MV plans
were more precisely delivered by a clinical linac. The 6MV plans were significantly
better than the corresponding FFF plans with respect to gamma pass rates. The FFF
plan pass rates were also decreasing with increasing MUs and increasing P TV volume,
notably more than 6MV plans. The measured delivery times for the 6MV and FFF
plans were also similar. This was expected to be significantly lower for FFF plans, as

this is one of the main advantages of FFF beams.

In cervical cancer patients with lymph node metastases, the target volumes are of-
ten complex and inhomogeneous. Even though the standard 6MV and FFF treatment
plans were about equal with respect to dose distribution in the treatment planning sys-
tem, the 6MV plans were more accurately delivered by a clinical linac. The standard

6MV VMAT SIB plans are therefore preferred to FFF plans, for this patient group.
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6 Conclusion

EBRT plans with VMAT and SIB for treatment of cervical cancer with lymph node
metastasis were made clinically satisfactory for both standard 6MV and FFF radiation,
with about equal target dose coverage, OAR sparing and conformity. The homogeneity
were significantly better for 6MV plans than that for the FFF plans, even though
this difference was small. The QA measurements showed that 6MV plans were more
accurately delivered by a clinical linac, than the corresponding FFF plans. The 6MV
plans were found to be significantly better in terms of gamma pass rates. The delivery
times for the FFF plans were only marginally reduced compared to the 6MV plans,
and no significant difference could be found. For patients with cervical cancer with
lymph node metastases, the standard 6MV VMAT SIB plans are therefore preferred
to FFF plans.
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Appendices

A Tables

Table A1l: The HIs for the 6MV and FFF plans.

Patient (#) 6MV FFF

1 1.074 1.087
2 1.062 1.084
3 1.056 1.054
4 1.101 1.100
5 1.075 1.077
6 1.063 1.062
7 1.073 1.079
8 1.073 1.082
9 1.066 1.069
10 1.072 1.075
11 1.067 1.064
12 1.068 1.076
13 1.059 1.057
14 1.094 1.108
15 1.066 1.068
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Table A2: The PCIs for the 6MV and FFF plans. PClys, PCls5 and PCls7 5 indicate the

regions where the PCI are calculated, as described in section m}

6MV FFF

Patient (#) PCI45 PCI55 PCI57.5 PCI45 PCI55 PCI57‘5

1 0.701 0.551 - 0.667 0.545 -
2 0.698 0.546 - 0.526 0.309 -
3 0.771 0.693 - 0.788 0.635 -
4 0.743 0492 0.794 0.756  0.504 0.744
5 0.714 0.564 - 0.741 0.593 -
6 0.754 0444 - 0.712 0470 -
7 0.744 0489 0.796 0.724 0485 0.745
8 0.666 0.553 0.462 0.648 0.535 0.437
9 0.664 0.576 - 0.698 0.562 -
10 0.680 0.493 - 0.671 0.517 -
11 0.670 0.502 - 0.701 0461 -
12 0.705 0.513 - 0.644 0497 -
13 0.697 0.502 - 0.737  0.564 -
14 0.702  0.560  0.819 0.663 0.566 0.731
15 0.618 0457 - 0.660 0497 -
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Table A3: The OAR and auxiliary structures exceeding their dose constraints for patients

1-5 in 6MV plans. The level indicates the result after treatment plan optimization.

Patient (#) Structure Constraint Level
1 GTV-T+10mm Max 46.4 Gy 51.37 Gy
Rectum Max 85% volume at 40 Gy 93.81% (43.47 Gy at 85% volume)
Max 95% volume at 30 Gy 99.31% (38.53 Gy at 95% volume)
2 GTV-T+10mm Max 46.4 Gy 51.37 Gy
Bowel bag Max 250cm?® at 40 Gy 417.1cm? (44.29 Gy at 250cm?)
Max 500cm?® at 30 Gy 825.3cm? (37.45 Gy at 500cm?)
Femoral head (left) Max 50 Gy 50.83 Gy
3 GTV-T+10mm Max 46.4 Gy 47.2 Gy
Rectum Max 85% volume at 40 Gy 90.77% (43.2 Gy at 85% volume)
Max 95% volume at 30 Gy 99.40% (36.3 Gy at 95% volume)
Bowel bag Max 250cm? at 40 Gy 314.7cm? (43.5 Gy at 250cm?)
4 GTV-T+10mm Max 46.4 Gy 47.42 Gy
Rectum Max 85% volume at 40 Gy 94.96% (44.39 Gy at 85% volume)
Max 95% volume at 30 Gy 96.08% (38.13 Gy at 95% volume)
Bowel bag Max 250cm? at 40 Gy 376.6cm? (44.25 Gy at 250cm?)
Max 500cm?® at 30 Gy 704.0cm?® (35.24 Gy at 500cm?)
Max 57.5 Gy 58.08 Gy
Bladder Max 75% volume at 40 Gy  76.90% (41.73 Gy at 75% volume)
Max 85% volume at 30 Gy 85.18% (30.30 Gy at 85% volume)
Spinal canal Max 48 Gy 49.00 Gy
5 GTV-T+10mm  Max 46.4 Gy 48.08 Gy
Rectum Max 85% volume at 40 Gy 86.90% (41.11 Gy at 85% volume)
Max 95% volume at 30 Gy 96.20% (31.82 Gy at 95% volume)
Bowel bag Max 57.5 Gy 58.43 Gy
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Table A4: The OAR and auxiliary structures exceeding their dose constraints for patients

6-10 in 6MV plans. The level indicates the result after treatment plan optimization.

Patient (#) Structure Constraint Level
6 GTV-T+10mm Max 46.4 Gy 52.99 Gy
7 GTV-T+10mm Max 46.4 Gy 47.36 Gy
Rectum Max 85% volume at 40 Gy 100% (44.29 Gy at 85% volume)
Max 95% volume at 30 Gy 100% (43.17 Gy at 95% volume)
Bowel bag Max 250cm? at 40 Gy 288.8cm?® (41.54 Gy at 250cm?)
Max 500cm?® at 30 Gy 546.4cm?® (31.61 Gy at 500cm?®)
8 GTV-T+10mm Max 46.4 Gy 49.94 Gy
Rectum Max 85% volume at 40 Gy  87.50% (41.40 Gy at 85% volume)
Max 95% volume at 30 Gy 100% (36.64 Gy at 95% volume)
Bowel bag Max 57.5 Gy 59.88 Gy
Spinal canal Max 48 Gy 49.09 Gy
9 GTV-T+10mm Max 46.4 Gy 47.61 Gy
Rectum Max 85% volume at 40 Gy  85.85% (40.53 Gy at 85% volume)
Max 95% volume at 30 Gy 100% (31.55 Gy at 95% volume)
10 GTV-T+10mm Max 46.4 Gy 47.09 Gy
Bowel bag Max 250cm? at 40 Gy 500.7cm?® (45.19 Gy at 250cm?)

Femoral head (left)
Femoral head (right)

Max 500cm? at 30 Gy
Max 50 Gy
Max 50 Gy

813.9% (40.02 Gy at 500cm?)
51.25 Gy
51.42 Gy
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Table A5: The OAR and auxiliary structures exceeding their dose constraints for patients

11-15 in 6MV plans. The level indicates the result after treatment plan optimization.

Patient (#) Structure Constraint Level
11 GTV-T+10mm Max 46.4 Gy 52.30 Gy
Rectum Max 85% volume at 40 Gy 91.42% (43.32 Gy at 85% volume)
Max 95% volume at 30 Gy  98.40% (35.69 Gy at 95% volume)
Femoral head (left)  Max 50 Gy 50.19 Gy
12 GTV-T+10mm Max 46.4 Gy 54.15 Gy
Rectum Max 85% volume at 40 Gy  95.03% (43.48 Gy at 85% volume)
Max 95% volume at 30 Gy 100% (40.01 Gy at 95% volume)
13 GTV-T+10mm Max 46.4 Gy 48.08 Gy
Rectum Max 85% volume at 40 Gy 97.38% (44.08 Gy at 85% volume)
Max 95% volume at 30 Gy 98.66% (41.88 Gy at 95% volume)
Bowel bag Max 250cm? at 40 Gy 365.7cm?® (44.88 Gy at 250cm?)
Max 500cm?® at 30 Gy 500.2cm® (30.01 Gy at 500cm?®)
Max 57.5 Gy 58.78 Gy
14 GTV-T+10mm Max 46.4 Gy 48.22 Gy
Bowel bag Max 250cm? at 40 Gy 378.5cm? (43.97 Gy at 250cm?®)
Max 500cm? at 30 Gy 706.5cm? (35.59 Gy at 500cm?)
Max 57.5 Gy 58.97 Gy
15 GTV-T+10mm Max 46.4 Gy 47.97 Gy
Rectum Max 85% volume at 40 Gy  94.40% (43.04 Gy at 85% volume)
Max 95% volume at 30 Gy 100% (39.20 Gy at 95% volume)
Bowel bag Max 250cm?® at 40 Gy 265.0cm?® (41.14 Gy at 250cm?)
Max 57.5 Gy 57.68 Gy
Bladder Max 75% volume at 40 Gy  79.58% (42.14 Gy at 75% volume)

Femoral head (left)
Femoral head (right)

Max 85% volume at 30 Gy
Max 50 Gy
Max 50 Gy

93.62% (36.45 Gy at 85% volume)
51.64 Gy
50.85 Cy

74



Table A6: The OAR and auxiliary structures exceeding their dose constraints for patients

1-5 in FFF plans. The level indicates the result after treatment plan optimization.

Patient (#) Structure Constraint Level
1 GTV-T+10mm Max 46.4 Gy 51.08 Gy
Rectum Max 85% volume at 40 Gy  93.51% (43.80 Gy at 85% volume)
Max 95% volume at 30 Gy 100% (38.61 Gy at 95% volume)
Bowel bag Max 250cm? at 40 Gy 307.0cm?® (42.24 Gy at 250cm?)
Max 500cm? at 30 Gy 615.9cm?® (33.03 Gy at 500cm?)
2 GTV-T+10mm Max 46.4 Gy 51.37 Gy
Rectum Max 95% volume at 30 Gy  96.52% (31.19 Gy at 95% volume)
Bowel bag Max 250cm? at 40 Gy 637.8cm® (46.59 Gy at 250cm?)

Femoral head (left)
Femoral head (right)

3 GTV-T+10mm
Rectum

Bowel bag

4 GTV-T+10mm

Rectum

Bowel bag

Bladder

5 GTV-T4+10mm

Rectum

Bowel bag

Max 500cm?® at 30 Gy
Max 57.5 Gy

Max 50 Gy

Max 50 Gy

Max 46.4 Gy

Max 85% volume at 40 Gy
Max 95% volume at 30 Gy
Max 250cm?® at 40 Gy
Max 500cm?® at 30 Gy
Max 46.4 Gy

Max 85% volume at 40 Gy
Max 95% volume at 30 Gy
Max 250cm? at 40 Gy
Max 500cm? at 30 Gy
Max 57.5 Gy

Max 75% volume at 40 Gy
Max 85% volume at 30 Gy
Max 46.4 Gy

Max 85% volume at 40 Gy
Max%S% volume at 30 Gy
Max 57.5 Gy

1079.2cm? (43.29 Gy at 500cm?)
64.21 Cy

50.23 Gy

50.73 Gy

47.26 Gy

94.09% (44.26 Gy at 85% volume)
100% (39.03 Gy at 95% volume)
331.8cm® (43.95 Gy at 250cm?)
502.5cm? (30.13 Gy at 500cm?®)
47.02 Gy

94.96% (44.52 Gy at 85% volume)
96.11% (38.15 Gy at 95% volume)
385.5cm? (44.42 Gy at 250cm?)
692.3cm?® (35.13 Gy at 500cm?)
58.09 Gy

76.86% (41.66 Gy at 75% volume)
85.04% (30.07 Gy at 85% volume)
47.84 Gy

86.45% (40.69 Gy at 85% volume)
96.11% (31.48 Gy at 95% volume)
58.31 Gy




Table A7: The OAR and auxiliary structures exceeding their dose constraints for patients

6-10 in FFF plans. The level indicates the result after treatment plan optimization.

Patient (#) Structure Constraint Level
6 GTV-T+10mm Max 46.4 Gy 52.99 Gy
7 GTV-T+10mm Max 46.4 Gy 47.18 Gy
Rectum Max 85% volume at 40 Gy 100% (44.50 Gy at 85% volume)
Max 95% volume at 30 Gy 100% (43.59 Gy at 95% volume)
Bowel bag Max 250cm? at 40 Gy 299.7cm?® (41.87 Gy at 250cm?)
Max 500cm?® at 30 Gy 542.6cm? (31.65 Gy at 500cm?)
8 GTV-T+10mm Max 46.4 Gy 50.04 Gy
Rectum Max 85% volume at 40 Gy 100% (44.27 Gy at 85% volume)
Max 95% volume at 30 Gy 100% (43.46 Gy at 95% volume)
Bowel bag Max 500cm? at 30 Gy 512.8cm?® (30.31 Gy at 500cm?)
Max 57.5 Gy 59.51 Gy
Spinal canal Max 48 Gy 48.33 Gy
9 GTV-T+10mm Max 46.4 Gy 47.93 Gy
Rectum Max 85% volume at 40 Gy 85.12% (40.07 Gy at 85% volume)
Max 95% volume at 30 Gy 96.31% (31.61 Gy at 95% volume)
10 GTV-T+10mm Max 46.4 Gy 47.13 Gy
Bowel bag Max 250cm?® at 40 Gy 495.9cm? (45.12 Gy at 250cm?)

Femoral head (left)
Femoral head (right)

Spinal canal

Max 500cm? at 30 Gy
Max 50 Gy
Max 50 Gy
Max 48 Gy

789.43 (39.86 Gy at 500cm?)
50.05 Gy
51.52 Cy
48.23 Gy
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Table A8: The OAR and auxiliary structures exceeding their dose constraints for patients

11-15 in FFF plans. The level indicates the result after treatment plan optimization.

Patient (#) Structure Constraint Level
11 GTV-T+10mm Max 46.4 Gy 52.72 Gy
Rectum Max 85% volume at 40 Gy 91.08% (43.30 Gy at 85% volume)
Max 95% volume at 30 Gy 98.43% (35.75 Gy at 95% volume)
Femoral head (left) Max 50 Gy 50.60 Gy
12 GTV-T+10mm Max 46.4 Gy 54.44 Gy
Rectum Max 85% volume at 40 Gy 99.88% (44.30 Gy at 85% volume)
Max 95% volume at 30 Gy 100% (42.16 Gy at 95% volume)
13 GTV-T+10mm Max 46.4 Gy 47.10 Gy
Rectum Max 85% volume at 40 Gy 98.14% (44.80 Gy at 85% volume)
Max 95% volume at 30 Gy 99.07% (44.28 Gy at 95% volume)
Bowel bag Max 250cm? at 40 Gy 357.7cm? (44.58 Gy at 250cm?)
Max 500cm?® at 30 Gy 509.1cm?® (30.54 Gy at 500cm?)
Max 57.5 Gy 58.28 Gy
14 GTV-T+10mm Max 46.4 Gy 48.08 Gy
Rectum Max 85% volume at 40 Gy  85.89% (40.48 Gy at 85% volume)
Bowel bag Max 250cm?® at 40 Gy 455.0cm?® (44.36 Gy at 250cm?)
Max 500cm?® at 30 Gy 750.4cm? (38.85 Gy at 500cm?)
Max 57.5 Gy 59.47 Gy
15 GTV-T+10mm Max 46.4 Gy 48.59 Gy
Rectum Max 85% volume at 40 Gy  92.98% (43.29 Gy at 85% volume)
Max 95% volume at 30 Gy 100% (38.50 Gy at 95% volume)
Bowel bag Max 250cm? at 40 Gy 255.6cm? (40.30 Gy at 250cm?)
Max 57.5 Gy 57.96 Gy
Bladder Max 75% volume at 40 Gy  79.16% (41.76 Gy at 75% volume)

Femoral head (left)

Spinal canal

Max 85% volume at 30 Gy
Max 50 Gy
Max 48 Gy

94.81% (36.46 Gy at 85% volume)
51.89 Gy
49.02 Gy
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Table A9: The gamma pass rates for each individual patient.

6MV FFF

Patient (#) arcl [%] arc2 [%] Total [%] arc3 [%] arcd (%] Total [%]

1 97.1 99.8 98.3 98.5 98.0 89.0
2 99.4 100.4 99.9 96.0 94.2 88.8
3 100.0 98.7 99.9 98.9 100.0 99.5
4 99.8 99.3 99.4 96.8 98.8 95.9
> 100.0 98.8 100.0 98.7 97.7 98.5
6 99.8 98.6 100.0 96.8 96.5 93.7
7 99.8 99.1 98.6 94.9 95.3 82.0
8 100.0 96.2 99.0 98.9 99.6 96.1
9 99.5 99.3 99.7 98.8 99.4 98.8
10 99.2 99.7 99.8 99.2 96.6 95.1
11 100.0 99.8 100.0 97.1 99.2 98.6
12 95.9 96.0 93.8 72.5 99.5 94.5
13 99.8 99.8 99.9 97.4 98.6 98.4
14 97.8 97.6 95.8 88.5 95.4 89.6
15 99.0 100.0 99.5 98.5 99.8 96.2
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Table A10: MUs for each individual patient. MUs for both arcs are included, as well as the
total number of MUs.

6MV FFF

Patient (#) arcl arc2 Total arc3 arc4  Total

1 2747 2547 5294 364.8 452.0 816.8
2 232.3 282.3 514.6 2724 539.2 811.6
3 178.0 224.8 402.8 229.5 285.7 515.2
4 220.5 2721 492.6 401.6 326.4 728.0
) 202.3 333.7 536.0 275.1 364.2 639.3
6 184.3 252.1 436.4 315.5  321.7 637.2
7 223.5 2209 4444 341.0 368.1 709.1
8 175.5 321.0 496.5 306.5 409.7 716.2
9 269.7 313.7 5834 351.3 389.2 740.5
10 283.1 311.2 594.3 360.4 487.3 847.7
11 249.7 338.8 588.5 327.6 3714 699.0
12 225.5 282.0 507.5 416.8 3344 T751.2
13 229.5 262.1 491.6 2829 308.9 591.8
14 2379 246.2 484.1 294.3 304.4 598.7
15 268.3 266.4 534.7 311.5 348.7 660.2
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Table A11: The measured delivery times for each individual patient. Delivery times for both

arcs are included, as well as the total delivery time.

6MV FFF
Patient (#) arcl [s] arc2 [s] Total [s] arc3 [s] arcd [s] Total [s]
1 74 80 154 73 82 155
2 79 83 162 79 88 167
3 71 7 148 72 7 149
4 76 83 159 76 82 158
) 74 80 154 74 82 156
6 71 7 148 72 7 149
7 75 84 159 7 81 158
8 76 88 164 78 86 164
9 79 82 161 76 78 152
10 76 85 161 76 82 156
11 81 86 167 74 84 158
12 73 81 154 72 78 150
13 76 80 156 75 85 160
14 81 83 164 73 78 151
15 78 78 156 73 7 150
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Table A12: The RayStation estimated delivery times for each individual patient. Delivery

times for both arcs are included, as well as the total delivery time.

6MV FFF
Patient (#) arcl [s] arc2 [s] Total [s] arc3 [s] arcd [s] Total [s]
1 90 90 180 90 88 178
2 90 90 180 88 90 178
3 88 88 176 78 85 163
4 90 90 180 90 85 175
) 90 90 180 87 84 171
6 90 90 180 90 88 178
7 90 90 180 80 90 170
8 90 90 180 89 89 178
9 90 90 180 67 70 137
10 90 90 180 86 88 174
11 90 90 180 70 68 138
12 90 90 180 90 90 180
13 90 90 180 80 75 155
14 90 90 180 90 89 179
15 90 90 180 88 86 174
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B

Matlab codes

1 % Bar graph OARs exceeding constraints (frequency)

2 ¢ = categorical ({'GIV-T+10mm (max 46.40 Gy)','Rectum (max 85% at 40 Gy
)y

3 'Rectum (max 95% at 30 Gy)', 'Bowel bag (max 250ccm at 40 Gy)',

4 'Bowel bag (max 500ccm at 30 Gy)', 'Bowel bag (max 57.5 Gy)',

5 'Femoral heads (max 50 Gy)', 'Bladder (max 75% at 40 Gy)',

6 'Bladder (max 85% at 30 Gy)', 'Spinal canal (max 48 Gy)'});

7

8 figure()

9 barh(c, [15 15; 11 12; 11 12; 8 9; 6 9; 5 6; 4 4; 2 2; 2 2; 2 31)

10 title('OAR constraints exceeded');

11 xlabel ('Frequency');

12 legend('6MV', "FEF'");

1 % Plotting abs. exceedings in Gy

2 x=11.73,2.14,1.66,1.76,0.30,6.45,0.07,6.46,4.29,3.52,

3 4.25,1.54,5.19,4.88,

4 3.97,2.14,2.24,6.59,3.95,4.42,1.87,5.12,4.58,4.36,

) 0.30,7.45,5.24,1.61,

6 10.02,0.01,5.59,3.03,13.29,0.13,5.13,1.65,0.31,9.86,

7 0.54,8.85,0.58,

8 0.93,2.38,1.28,1.47,0.18,6.71,0.59,2.01,0.78,1.97,0.46,

9 0.83,1.25,1.42,

10 0.19,1.64,0.85,0.23,0.73,0.05,1.52,0.60,1.89,4.97,10.76,

11 0.79,1.02,1.62,

12 6.59,0.96,3.54,1.21,0.69,5.90,7.75,1.68,1.82,1.57,4.68,

13 10.97,0.86,0.62,
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14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

46
47
48
49

.44,6.09,0.78,3.64,1.53,0.73,6.32,8.04,0.70,1.68,2.19,
.47,3.16,4.39,
.11,4.29,1.40,0.53,3.32,3.48,4.08,3.04,3.80,4.26,4.52,
.69,4.50,4.27,

o o Fr w =

.07,3.30,4.30,4.80,0.48,3.29,8.53,6.30,8.13,1.82,13.17,
6.64,1.55,5.69,
10.01,11.88,9.20,8.61,1.19,9.03,8.15,1.48,13.59,13.46,
1.61,5.75,12.16,
14.28,8.50,1.00,1.09,0.33,0.23,1.02];

group = [1,1,2,2,3,3,4,4,5,5,5,5,5,5,5,5,6,6,6,6,6,6,6,6,6,
7,7,7,7,7,7,8,8,
s,8,8,8,8,8,8,9,9,9,9,9,9,10,10,10,10,10,10,11,11,11,11,
11,11,12,12,12,
12,12,12,13,13,13,13,13,13,13,13,13,13,13,13,13,13,13,
14,14,14,14,14,
14,14,14,14,14,14,14,14,14,14,15,15,15,15,15,15,15, 15,
15,15,15,16,16,
16,16,16,16,16,16,16,16,16,16,17,17,17,17,17,17,17,17,
17,17,17,18,18,
18,18,18,18,18,18,18,18,18,18,19,19,20,20,20];

positions = [1 1.25 2 2.25 3 3.25 4 4.25 5 5.25 6 6.25 7 7.25
8 8.25 9 9.25
10 10.25];

figure ()
boxplot (x,group, 'positions', positions, 'orientation', 'horizontal');
title ('OAR constraints exceeded')

xlabel ('Exceeded dose [Gy]'")

set (gca, 'ytick', [mean (positions(1l:2)) mean (positions(3:4))
mean (positions (5:6)) mean (positions(7:8)) mean (positions(9:10))
mean (positions(11:12)) mean (positions(13:14)) mean (positions
(15:16))
mean (positions (17:18)) mean (positions(19:20))1])
set(gca,'yticklabel',{'Bladder (max 75% at 40 Gy)',
'Bladder (max 85% at 30 Gy)', 'Bowel bag (max 250ccm at 40 Gy)',

'Bowel bag (max 500ccm at 30 Gy)', 'Bowel bag (max 57.5 Gy)',
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50
51
52
53
54

55
56
o7
o8
59
60
61
62
63
64

'Femoral heads (max 50 Gy)', 'GTV-T+10mm (max 46.4 Gy)',
'Rectum (max 85% at 40 Gy)', 'Rectum (max 95% at 30 Gy)',
'Spinal canal (max 48 Gy)'})

color = [vy , lbl, yv’ Ibl,vyl, 'b', vyv, 'b','y', 'b', ly , 'b', Iy
le, vyv, 'b', vyv, lbl, lyl, lbl];

h = findobj(gca, 'Tag', 'Box');

for j=1l:length (h)

patch(get (h(j), 'XData'),get (h(j), 'YData'),color(j), 'FaceAlpha', .b);

end

c = get(gca, 'Children'");

hlegl = legend(c(l:2), 'eMV', 'FFE' );
x1lim ([0 157);

© 0 N O Ol = W N

= = = = = = = = =
O J O Ut k= W NN = O

)

% Plotting abs. exceedings in percent

x = [1.90,4.58,1.86,4.16,0.18,8.62,0.04,9.81,8.81,5.77,
9.96,1.90,15,2.50,
1.85,6.42,1.01,12.38,9.40,8.51,9.09,9.96,1.45,15,15,
0.12,6.08,14.88,
13.14,0.89,7.98,4.31,4.40,1.08,1.20,5,5,1.12,3.40,5,
3.66,5,5,1.52,5,
1.11,5,1.11,5,1.31,3.43,5,4.07,51;

group = [1,1,2,2,3,3,4,4,5,5,5,5,5,5,5,5,5,5,5,6,6,6,6,6,
6,6,6,6,6,6,6,7,7,
t,7,7,717,7,7,7,7,7,8,8,8,8,8,8,8,8,8,8,8,81;

positions = [1 1.25 2 2.25 3 3.25 4 4.25];

figure ()
boxplot (x,group, 'positions', positions, 'orientation', 'horizontal');
title ('OAR constraints exceeded');
xlabel ("[%]");
x1im ([0 181]);
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19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

set (gca, 'ytick', [mean (positions(1l:2)) mean (positions(3:4))
mean (positions (5:6)) mean (positions(7:8))1)
set(gca,'yticklabel',{'Bladder (max 75% at 40 Gy)',
'Bladder (max 85% at 30 Gy)', 'Rectum (max 85% at 40 Gy)',

'Rectum (max 95% at 30 Gy)'})

color = ['y', 'b', 'y', 'b','y', 'b', 'yv', 'b'];
h = findobj(gca, 'Tag', 'Box"');
for j=l:length (h)
patch(get (h(j), 'XData'),get (h(j), 'YData'),color(j), 'FaceAlpha', .5);

end

c = get(gca, 'Children'");

hlegl = legend(c(l:2), 'eMV', 'FEFE' );

ot

© o0 N O

10

12
13
14
15

[o)

% Plotting abs. exceedings in cm”3
X:

[167.1,64.7,126.6,38.8,250.7,115.7,128.5,15.0,57.0,387.8,81.8,135.5,

49.7,245.9,107.7,205.0,5.6,325.3,204.0,46.4,313.9,0.2,206.5,115.9,
579.2,2.5,192.3,42.6,12.8,289.4,9.1,250.47;
group =
r1,1,1,1,1,1,1,1,2,2,2,2,2,2,2,2,2,3,3,3,3,3,3,4,4,4,4,4,4,4,4,41;
positions = [1 1.25 2 2.25];

figure ()
boxplot (x,group, 'positions', positions, 'orientation', 'horizontal');
title ('OAR constraints exceeded');

xlabel ('[ccm™3]");

set (gca, 'ytick', [mean (positions(1:2)) mean (positions(3:4))1)
set(gca,'yticklabel',{'Bowel bag (max 250ccm at 40 Gy)',
'Bowel bag (max 500ccm at 30 Gy)'})
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16

17 color = ['y', 'b', 'y', 'b'];
18 h = findobj(gca, 'Tag', "Box');
19 for j=1:length (h)
20 patch (get (h(3), 'XData'),get (h(j), 'YData'),color(j), 'FaceAlpha', .5);
21 end
22
23 ¢ = get(gca, 'Children');
24
25 hlegl = legend(c(l:2), 'eMV', 'FEFE' );
1 % Pass rates 6MV
2 passrates_6MV_arcl = [97.1 99.4 100 99.8 100 99.8 99.8 100 99.5 99.2
100
95.9 99.8 97.8 99.01;
passrates_6MV_arc2 = [99.8 100 98.7 99.3 98.8 98.6 99.1 96.2 99.3 99.7
99.8
96.0 99.8 97.6 1001,
6 passrates_6MV_total = [98.3 99.9 99.9 99.4 100 100 98.6 99.0 99.7 99.8
100
7 93.8 99.9 95.8 99.5];
% Pass rates FFF
9 passrates FFF_arc3 = [98.5 96.0 98.9 96.8 98.7 96.8 94.9 98.9 98.8
99.2
10 97.1 72.5 97.4 88.5 98.5];
11 passrates_ FFF_arc4 = [98.0 94.2 100 98.8 97.7 96.5 95.3 99.6 99.4 96.6
99.2
12 99.5 98.6 95.4 99.81];
13 passrates_ FFF_total = [89.0 88.8 99.5 95.9 98.5 93.7 82.0 96.1 98.8
95.1
14 98.6 94.5 98.4 89.6 96.21;
15
16 ¢ Calculating mean and std 6MV
17 mean6_.1 = mean(passrates_6MV_arcl);
18 mean6.2 = mean(passrates_6MV_arc2);
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20
21
22
23
24
25
26
27
28
29
30
31
32

33
34

35
36
37
38
39

40
41

42
43

44
45
46
47
48
49

mean6_total = mean(passrates_6MV_total);

std6.1 = std(passrates_6MV_arcl);

std6.-2 = std(passrates_6MV_arc?2);
std6_total = std(passrates_6MV_total);

% Calculating mean and std FFF

meanF_1 = mean (passrates_FFF_arc3);
meanF_2 = mean (passrates_FFF_arcd);
meanF_total = mean(passrates_FFF_total);

stdF_1 = std(passrates_FFF_arc3);
stdF_2 = std(passrates_FFF_arc4);
stdF_total = std(passrates_FFF_total);
% Matrix with pass rates
passrates = [passrates_6cMV_arcl; passrates_6MV_arc?2;
passrates_6MV_total;
passrates FFF_arc3; passrates FFF_arc4; passrates_ FFF_totall];
passrates_trans = transpose (passrates); % transpose to get correct
plot
% Assigning names to each sample
names = ["6MV arcl"; "6MV arcl"; "6MV arcl"; "6MV arcl"; "6MV arcl";
"6MV arcl"; "6MV arcl"; "6MV arcl";
"6MV arcl"; "6MV arcl"; "oMV arcl"; "6MV arcl"; "6MV arcl"; "oMV
arcl";
"6MV arcl";
"6MV arc2"; "6MV arc2"; "6MV arc2"; "6MV arc2"; "6MV arc2"; "6MV
arc2";
"6MV arc2";
"6MV arc2"; "6eMV arc2"; "6MV arc2"; "6MV arc2"; "6MV arc2"; "6MV
arc2";
"6MV arc2"; "6MV arcl2";
"6MV total"; "6MV total"; "6MV total"; "6MV total"; "o6MV total";
"6MV total"; "6MV total"; "6MV total";
"6MV total"; "6MV total"; "6MV total"; "o6MV total"; "oMV total";
"6MV total"; "6MV total';
"FFF arc3"; "FFF arc3"; "FFF arc3"; "FFF arc3"; "FFF arc3"; "FFF

arc3";
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50

"FFF arc3";

51 "FFF arc3"; "FFF arc3"; "FFF arc3"; "FFF arc3"; "FFF arc3"; "FFF
arc3";

52 "FFF arc3"; "FFF arc3";

53 "FFF arc4"; "FFF arc4d"; "FFF arc4"; "FFF arc4"; "FFF arc4d"; "FFF
arc4d";

54 "FFF arc4";

55 "FFF arc4"; "FFF arc4"; "FFF arc4"; "FFF arc4"; "FFF arc4"; "FFF
arcd";

56 "FFF arc4"; "FFF arc4";

57 "FFF total"; "FFF total"; "FFF total"; "FFF total"; "FFF total";

58 "FFF total"; "FFF total"; "FFF total";

59 "FFF total"; "FFF total"; "FFF total"; "FFF total"; "FFF total";

60 "FFF total"; "FFF total"];

61

62 namesGrp = char (names);

63

64 % Boxplot

65 figure ()

66 boxplot (passrates_trans, namesGrp);

67 title('Gamma pass rates');

68 xlabel('');

69 vylabel ('Pass rate [%]');

1 ¢ = categorical({'01','02",'03','04",'05"','06",'07"','08", '09','10","

11,

2 '12','13','14','15'});

3

4 figure()

5 barh(c,[98.3 89.0; 99.9 88.8; 99.9 99.5; 99.4 95.9; 100 98.5; 100

93.7;

6 98.6 82.0; 99.0 96.1; 99.7 98.8; 99.8 95.1; 100 98.6; 93.8 94.5;
99.9

7 98.4; 95.8 89.6; 99.5 96.21);

8 title('Individual gamma pass rates');
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10
11
12

xlabel ('Pass rate [%]");
ylabel ('Patient number');
legend ('6MV', "FEE");

x1im([80 10571);

10
11
12
13
14
15
16

17

18

19

20
21

% MU (6MV and FFF arcs)
mu6MvVarcs = [202.32 269.70 223.54 184.34 283.14 229.49 220.53 175.45
249.72
274.73 237.93 268.25 232.28 225.53 178.04 333.70 313.65 220.94
252.05
311.17 262.05 272.14 321.01 338.81 254.70 246.21 266.39 282.25
281.97
224.831;
muFFFarcs = [275.11 351.26 341.03 315.46 360.39 282.85 401.55 306.50
327.63
364.82 294.26 311.54 272.43 416.84 229.49 364.20 389.20 368.06
321.69
487.33 308.91 326.38 409.66 371.41 452.03 304.44 348.71 539.22
334.36
285.721;

% Total MUs
mubMV = mu6MV_arcl + mu6MV_arc?2;

muFFF = muFFF_arc3 + muFFF_arc4;

% Assigning names

names = [ n 6MV n ; n 6MV" ; n 6Mv" ,. n 6MV n ; n 6Mv" ; n 6MV" ,. n 6MV n ; n 6Mv" ; n 6MV

"w.
14

n 6MV" ; "w 6Mv" ; " 6MV"; n 6MV" ; "w 6Mv" ; n 6MV"; "FFF " ; "w FFF n ; "FFF" ; n
FFF";

"FFF"; "FFF"; "FFF"; "FFF"; "FFF ",. "FFF"; "FFF"; "FFF "; "FFF"; "FFF

".
4

"FFF" ] ;

o)

% Matrix containing the MUs
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22

mu_pre = [mu6MV; muFFF];

23 mu = transpose(mu_pre); % transpose for correct plotting
24 namesGrp= char (names);
25
26 % Boxplot
27 figure()
28 boxplot (mu, namesGrp);
29 title('Monitor units for 6MV and FFF beams');
30 xlabel(''");
31 ylabel ('MUs');
32
33 % Scatter plot (6MV vs FFFs)
34 figure()
35 scatter (mu6MV, muFEFF ,'bl', 'x');
36 title('Monitor units (6MV vs FFF)');
37 xlabel ('6MV'");
38 ylabel ('FFEF');
39 axis ([375 900 375 900]);
40 refline(1,0); % Constructing reference unity line
41
42 [pl,hl] = signrank (mu6MV, muFFF) % Wilcoxon test for total MUs
43 [p2,h2] = signrank (mu6MVarcs, muFFFarcs) % Wilcoxon test for arcs MU
1 % MUs of each arc

2 muFFF_arc3 = [275.11 351.26 341.03 315.46 360.39 282.85 401.55 306.50
3 327.63 364.82 294.26 311.54 272.43 416.84 229.49];

4 muFFF_arc4 = [364.20 389.20 368.06 321.69 487.33 308.91 326.38 409.66
5! 371.41 452.03 304.44 348.71 539.22 334.36 285.72]1;

6 muFFF = muFFF_arc3 + muFFF_arc4; % total MUs FFF

7 mu6MV_arcl = [202.32 269.70 223.54 184.34 283.14 229.49 220.53 175.45
8 249.72 274.73 237.93 268.25 232.28 225.53 178.047;

9 mu6MV_arc2 = [333.70 313.65 220.94 252.05 311.17 262.05 272.14 321.01
10 338.81 254.70 246.21 266.39 282.25 281.97 224.83];

11 muéMV = muéMvV_arcl + mu6MV_arc2; $ total MUs 6MV

12
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13
14

15
16

17
18
19
20

21
22

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

)

% Pass rates

pass_6MV_arcl = [100 99.5 99.8 99.8 99.2 99.8 99.8 100 100 97.1 97.8
99.0
99.4 95.9 10071;

pass_6MV_arcz = [98.8 99.3 99.1 98.6 99.7 99.8 99.3 96.2 99.8 99.8
97.6
100 100 96.0 98.71;

pass6MV = [100 99.7 98.6 100.0 99.8 99.9 99.4 99.0 100 98.3 95.8 99.5
99.2 93.8 99.91;

pass_FFF_arc3 = [98.7 98.8 94.9 96.8 99.2 97.4 96.8 98.9 97.1 98.5
88.5
98.5 96.0 72.5 98.91];

pass_FFF_arcd4 = [97.7 99.4 95.3 96.5 96.6 98.6 98.8 99.6 99.2 98.0
95.4
99.8 94.2 99.5 1007;

passFFF = [98.5 98.8 82.0 93.7 95.1 98.4 95.9 96.1 98.6 89.0 89.6 96.2

88.8 94.5 99.5];

% Plotting MU vs pass rate (6MV)

figure ()

scatter (mu6MV_arcl, pass_6MV_arcl, 'bl', 'x');
title('Monitor units vs pass rate (6MV beams)');
xlabel ("MUs"'");

ylabel ('Pass rate [3]");

hold on

scatter (mu6bMV_arc2, pass_6MV_arc2,'r', 'x'"');
legend('arcl', 'arc2');

axis([160 350 70 10571);

% Plotting MU vs pass rate (FFF)

figure ()

scatter (muFFF_arc3, pass_FFF_arc3, 'bl', 'x');
title('Monitor units vs pass rate (FFF beams)');
xlabel ("MUs"') ;

ylabel ('Pass rate [%]');

hold on

scatter (muFFF_arc4, pass_FFF_arc4,'r', 'x'");

91




46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

legend('arc3', 'arcd');
axis ([200 550 70 1051);
% Making trend lines

pl = polyfit (mu6bMV,pass6MV,1);

f1 polyval (pl, mu6MV) ;

P2 polyfit (muFFF, passFFF,1);

f2 = polyval (p2, muFFF) ;

% Plotting with trend lines
figure ()

scatter (mu6MV, passoMV, 'bl', 'x');
title('Total monitor units vs total pass rate');
xlabel ("MUs"') ;

ylabel ('Pass rate [%]');

hold on

scatter (muFFF, passFFF,'r', 'x');
hold on

plot (mu6MV, £1,'-");

hold on

plot (muFFF, £f2, '-");

axis ([350 900 80 10371);

legend('6MV', 'FFE', 'Trend line 6MV', 'Trend line FFE'");

© 00 N O Ot s W N

[y
)

% Measured delivery times

timeoMV_arcl

[74 79 71 76 74 71 75 76 79 76 81 73 76 81 78];
time6MV_arc2 = [80 83 77 83 80 77 84 88 82 85 86 81 80 83 78];
timeFFF_arc3 = [73 79 72 76 74 72 77 78 76 76 74 72 75 73 731;
timeFFF_arc4 = [82 88 77 82 82 77 81 86 78 82 84 78 85 78 77];
% RayStation estimated delivery times

RS6MV_arcl = [90 90 88 90 90 90 90 90 90 90 90 90 90 90 901,
RS6MV_arc2 = [90 90 88 90 90 90 90 90 90 90 90 90 90 90 907,

RSFFF_arc3 [90 88 78 90 87 90 80 89 67 86 70 90 80 90 88];
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

RSFFF_arc4 = [88 90 85 85 84 88 90 89 70 88 68 90 75 89 86];

% Scatter plot delivery times (6MV vs FFF)
figure

scatter (time6MV_arcl, timeFFF_arc3, 'bl', 'x'");
title('Delivery times (6MV vs FFF)');

xlabel ('"6MV [s]');

ylabel ("FFF [s]');

hold on

scatter (time6MV_arc2, timeFFF_arc4,'r', 'x');
refline(1,0);

!

legend('arcl vs arc3', 'arcZ2 vs arc4d',

axis ([70 91 70 911);

o)

% Figure oMV
figure

scatter (RS6MV_arcl, time6MvV_arcl, 'bl', 'x'");

title('Delivery time 6MV (RayStation vs measured)');
xlabel ('RayStation delivery time [s]');

ylabel ('Measured delivery time [s]');

hold on

scatter (RS6MV_arc2, time6MvV._arc2,'r', 'x');
legend('arcl', 'arc2','x = y');

axis ([70 95 70 951);

% Figure FFF

figure

scatter (RSFFF_arc3, timeFFF_arc3, 'bl', 'x'");

title('Delivery time FFF (RayStation vs measured)');
xlabel ('RayStation delivery time [s]');

ylabel ('Measured delivery time [s]');

hold on

scatter (RSFFF_arc4, timeFFF_arc4,'r', 'x');
refline(1,0);
legend('arc3', 'arcd','x = y');

axis([65 95 65 9571);
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48

49 % Total delivery time

50 time6MV = time6MV_arcl + time6MV_arc?2;

51l timeFFF = timeFFF_arc3 + timeFFF_arcé;

52

03 figure

54 scatter (time6MV, timeFFF, 'bl', 'x');

55 title('Total delivery times (6MV vs FFF)');

56 xlabel ('6MV [s]');

57 vylabel ('FFE [s]');

58 hold on

59 refline(1,0);

60 legend('Measured data', '(x = y)');

61

62 % Wilcoxon signed rank test

63 realTime6MvVarcs = [74 79 71 76 74 71 75 76 79 76 81 73 76 81 78 80 83
77 83

64 80 77 84 88 82 85 86 81 80 83 781;

65 realTimeFFFarcs = [73 79 72 76 74 72 77 78 76 76 74 72 75 73 73 82 88
77 82

66 82 77 81 86 78 82 84 78 85 78 T771;

67

68 [pl,hl] = signrank (realTime6MVarcs, realTimeFFFarcs) % Wilcoxon 6MV vs
FFF

69 [p2,h2] = signrank (time6MV,timeFFF) % Wilcoxon total delivery times

1 % PTV volumes

2 volume PTV = [2011.54 1787.56 1957.08 2209.12 2212.24 1426.20 2546.02

3 1967.47 2002.40 1741.75 2193.84 1828.56 1040.70 2023.31 1610.81];

4 volume_boost = [119.37 116.94 41.10 193.67 90.82 31.24 140.69 107.32
89.76

) 83.20 153.45 80.66 57.13 80.42 90.37];

6 volume = volume_PTV + volume_boost; % Total PTV volume

7

8 % Pass rates
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10
11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

pass_6MV = [98.3 99.9 99.9 99.4 100 100 98.6 99.0 99.7 99.8 100 93.8
99.9
95.8 99.5];

pass_FFF = [89.0 88.8 99.5 95.9 98.5 93.7 82.0 96.1 98.8 95.1 98.6
94.5

98.4 89.6 96.2];

)

% Making trend lines

pl = polyfit (volume, pass_6MV,1);
fl = polyval (pl,volume);
p2 = polyfit (volume, pass_FFF,1);

£f2 = polyval (p2,volume);

% Plotting

figure

scatter (volume, pass_6MV, 'bl', 'x');

title('Total PTV volume vs total gamma pass rate');
xlabel ('Total PTV volume [cm™3]"');

ylabel ('Pass rate [%]'");

axis ([1000 2600 80 1017);

hold on

scatter (volume, pass_FFF,'r', 'x');

hold on
plot (volume, £1, '-");
plot (volume, £2, '-");

legend ('6MV', '"FFF', 'Trend line 6MV', 'Trend line FFF');
% Relative PTV boost volumes

volume_boost_rel = volume_boost./volume;

% Making trend lines

p3 = polyfit (volume_boost_rel,pass_-6MV,1);
f3 = polyval (p3,volume_boost_rel);

p4 = polyfit(volume_boost_rel,pass._FFF,1);
f4 = polyval (p4,volume_boost_rel);

[)

% Plotting rel. boost volume
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44
45
46
47
48
49
50
51
52
53
o4
55

figure

scatter (volume_ boost_rel, pass_6MV, 'bl',

'*').

14

title('Relative PTV boost volume vs total gamma pass rate');

xlabel ('Relative PTV boost volume');

ylabel ('Pass rate [%]');
axis ([0 0.1 80 1057])
hold on

scatter (volume_boost_rel, pass_FFF,'r',

hold on
plot (volume_boost_rel,£3,'-");
plot (volume_boost_rel, f4,'-");

ey ;

legend('eMV', 'FFEF', 'Trend line 6MV', 'Trend line FFFE');
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