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Abstract

The objective of this study was to evaluate the delivery efficiency of intensity modulated radiation
therapy (IMRT) with a non-zero collimator rotation approach compared to conventional planning IMRT in
the management of prostate carcinoma. Inverse plans, created using conventional collimator angle 0°
(CA,) for eight prostate patients, were compared to plans using collimator angle 70° (CA;o) for all fields
and also with plans utilizing an automatic collimator angle optimization tool (CA,p:) for each field.
Results demonstrate that IMRT plans created with rotational collimator techniques can produce com-
parable dose distributions to standard CA, plans. The rotational collimator approach significantly reduced
the total number of monitor units (MU) by 6% (p value = 0.027) and 9% (p value = 0.003) for CA;q and
CAopt, respectively. The mean monitor units for CAq, CA;q and CA,,c were 635 + 107 MU, 597 + 96 MU and
587 + 104 MU, respectively. The mean peripheral dose was significantly increased with CA;, against CAq
(p value < 0.001) despite reduced monitor units. Collimator optimization resulted in reduction in
monitor units and peripheral dose. The number of monitor units are reduced with the rotational col-
limator approach, which results in reduced delivery time. However, we conclude that peripheral dose
should be analyzed when assessing monitor unit differences in IMRT plans.
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INTRODUCTION to deliver user-specified absorbed dose and
dose-volume constraints in specified target
volumes as well as in normal tissues™. MLCs

have simplified the effort required to generate

Intensity modulated radiation therapy (IMRT)
along with multileaf collimators (MLC) repre-

sents one of the most significant technical tools
in the management of carcinoma prostate'.
IMRT utilizes inverse treatment planning
through computer-based optimization processes
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beam shapes that conform to the target shape®.
Conventional IMRT has physical limitations
which include tongue-and-groove eftects and
larger number of monitor units required for a
treatment can result in increased peripheral
dose (PD), or the body dose defined outside
the geometrical boundaries of the radiation
field. To improve upon existing MLC-based
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IMRT techniques, collimator rotation can be
incorporated into IMRT delivery. The poten-
tial of rotational collimator IMRT provides an
additional degree of freedom and flexibility
when delivering a desired fluence map™°.

Brahme et al.” showed that the best orienta-
tion of the collimator is when the direction of
the leaves is parallel with the direction in which
the target volume has the smallest cross section.
Otto et al.° and Milette et al.” reported new
methods to deliver an MLC based IMRT plan
by incorporating collimator rotation between
different segments in each field. It was shown
that a number of improvements could be
attained through the use of collimator rotation
over conventional techniques; improved target
conformity and healthy tissue sparing, reduced
total number of monitor units (MU) and aper-
tures, improvements in spatial resolution,
reduced interleaf effects and maximum deliver-
able field size over conventional techniques.
This approach resulted in increased total treat-
ment time due to mechanical limitations of
the collimator rotation speed between seg-
ments™® which may have restricted imple-
mentation. In a separate case study®, an
algorithm to automatically determine the
optimal collimator angle for each beam was uti-
lized to include the nodes in the beams eye
view (BEV) for one patient. It showed that
plans with optimized collimator angles were
worse than the original plan with collimator
0° since all the organs at risk received higher
dose in the collimator rotated plan.

Volumetric modulated arc therapy (VMAT)
plans exploited a 45° collimator angle for naso-
pharynx carcinoma patients as it was shown to
be more effective in blocking organs at risk
while allowing) the targets to receive dose from
an open beam”. As discussed, investigators cor-
roborate that collimator rotation utilized in
various sites could provide an additional degree
of freedom in inverse treatment planning to
improve target dose conformality, reduce total
MU while maintaining acceptable dose to
OARSs and healthy tissues’ ™’

The aim of this work is to exploit the collim-
ator angle rotation in IMRT plans in the man-
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agement of carcinoma prostate. Inverse plans,
created using conventional collimator angle 0°
(CA() for eight prostate patients, were com-
pared to plans using collimator angle 70°
(CA7) for all fields and also with plans utilizing
an automatic collimator angle optimization tool
(CApo) for each field. A methodology was
developed to ensure that no additional time
was added to the overall treatment time due to
the change in collimator angle between fields.
The planning efficiency and quality was meas-
ured in terms of total number of MU, conform-
ity index, dose to organs at risk (OARs) and
peripheral dose (PD). Dose to targets and
OARs were evaluated by parameters defined
in the Conventional or Hypofractionated
high-dose intensity-modulated radiotherapy for
prostate cancer (CHHiP) trial'".

METHODS AND MATERIALS

In this retrospective study, seven intermediate
risk patients and one high risk patient with pro-
state cancer were included. The mean target
volume was 61.9 £ 9.7 cc . Each patient was
planned according to CHHIP trial guidelines'’.
Optimal inverse IMRT plans for all patients
were initially produced with collimator angle
0% (CAp). In order to ensure consistency in
the comparison, plans were then created using
collimator angle 70° (CA5() and optimized col-
limator angles for each field (CA,,,). Hence for
each patient, three plans were generated at col-
limator positions 0°, 70° and optimized angles
resulting in a total number of 24 optimized
plans.

Treatment planning

A five-field 6 MV photon beam arrangement
was used for each plan in the proposed study.
The beams were placed at the specified gantry
angles (180°, 100°, 35°, 325°, 260°) for all plans
with collimator angle for the ‘standard’ plan set
to 0°. For a single non-zero collimator angle
approach, a beam’s eye view (BEV) encompass-
ing the target and OARs was considered on
deciding the most appropriate collimator angle
for all beams with pre-specified gantry angles.
At collimator angle 70°, the critical structures
were eftectively blocked by the secondary jaws
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rather than the multileaf collimator (MLC) in
the beam’s eye view (BEV). Similar angles
have been used in volumetric modulated arc
therapy (VMAT? in order to avoid tongue and
groove effects™'".

All patients were CT scanned (GE Medical
Systems, Milwaukee, WI) with 2.5 mm slice
thickness. Outlining of target volumes and
organs at risk (OARSs) was undertaken on each
CT image according to the CHHiP guide-
lines'". The inverse treatment planning system
(TPS) used was Oncentra® v3.3 spl (Nucle-
tron BV, Veenendal, The Netherlands).

As per the CHHIiP protocol, PTV; was con-
structed by growing a 1 cm isotropic margin
around the outlined prostate with all or part of
the seminal vesicles. For PTV,, a uniform mar-
gin of 1 cm was added to the prostate alone
except towards the rectum where a 5 mm mar-
gin was used. PTV; was grown from the pro-
state by using a 5 mm margin except
posteriorly where it was O mm. Normal tissues
delineated for the study included bladder,
rectum, bowel, femoral heads and penile bulb.
The aim of planning was to deliver a prescribed
dose of 60 Gy in 20 fractions to PTVj; for each
patient. Three dose levels were prescribed to

the three different planning target volumes as
detailed in Table 1.

Collimator optimization

Oncentra® v3.3 spl (Nucletron BV, Veenen-
dal, The Netherlands) treatment planning sys-

tem 1is equipped with an algorithm to
determine an optimal collimator angle other
than 0° for each field around the selected struc-
ture (PTV; in this study). The algorithm aims
to minimize the field size in order to cover
the target structure with the intended margin.
The orientation of the collimator angles are cal-
culated automatically such that the directions of
MLC leaves are parallel to the direction in
which the target volume has the smallest cross
section. Rotating the collimator for different
gantry angles can have the limitation of extend-
ing delivery times. As the beams were defined
with specified gantry angles for all patients, the
maximum time taken for the gantry rotation
(average speed of 6°/sec) between any two
fields was found to be 10 seconds. Hence to
ensure that the time taken for collimator rota-
tion (average speed of 4°/sec) between two
fields did not exceed the gantry rotation time,
the maximum difference between collimator
angles between any two fields was fixed at
40°. However, on some occasions, if the col-
limator angles produced with CA,, for any
two fields exceeded 40°, then a shift of 90° or
180° was applied. Hence, it was not possible
for the overall treatment times to be extended.

Plan evaluation

All plans were optimized and evaluated as per
objectives and constraints of the CHHiP proto-
col'?. The minimum dose to be achieved by
different PTVs (100%) and maximum dose
levels for volumes of OARs are detailed in
Table 1.

Table 1. Dosimetric quality parameters outlined in the CHHIP trial protocol (e.g. V4y — 41% of rectum can receive a maximum of 80% of the

prescribed dose)

CHHiP trial parameter Constraint (% dose)

CHHiP trial parameter Constraint (% dose)

PTV; min 76
PTV, min 91
PTV3 min 95
Rectum V;; max 80*
Rectum Vs, max 70*
Rectum Vgg max 60
Rectum Vg, max 50
Rectum Vgg max 30

Rectum Vg5 max 15
Bladder Vgg max 50
Bladder Vg; max 25
Bladder V,o max 5
Urethral bulb Vgg max 50*
Urethral bulb Vg; max 10*

Bowel Vg cm® max (17 cm®)

*Advisory constraint.
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The dose conformity of PTV3 was articulated
by the conformity index (CI) defined as the
volume of body receiving more than 95% of
the prescribed dose, divided by the volume of
the PTV;. CI will be larger than one, and will
increase with decreasing plan conformity'>. CI
is defined as follows:

Volume of body>95% dose
PTV; volume

Conformity Index PTV3;= (1)
Similarly, for PTV; and PTVy, the volume of
body receiving higher than 91% and 76% were
measured, respectively. For each patient the
volume of patient receiving 20% of the highest
prescribed dose (V,(), excluding the plannin%
target volume but including critical structures’
was considered to be the peripheral dose (PD).

Efficiency in plan delivery and physical prop-
erties such as total number of MU, total field
area and total MLC defined area were analyzed.
The MU generated for each beam was summed
to obtain the total number of MU for each
patient plan. The total field area was defined as
the product of the x and y jaw sizes of the linear
accelerator for each beam. The MLC area was
generated by the treatment planning system for
each segment. This MLC area for each segment
was then summed for every beam and the aver-
age taken for each patient.

Planning time was recorded for all patients
and was defined as the time from starting a
plan, including beam selection, optimization
(single iteration) and final dose calculation'
More iterations are typically required to achieve
an optimal plan although it is assumed that a
single iteration will result in the minimum plan-
ning time. This was recorded for standard and
optimized collimator angle techniques.

Statistical analysis was performed using two-
tailed student f-tests to obtain the significant dif-
terence between all measured parameters of the
three techniques.

RESULTS

Eight prostate patients were retrospectively
planned according to the CHHIP trial protocol.
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The plans created with the rotational collimator
approach, CAy, and CA,,, were compared to
CA for segmental step-and-shoot IMRT. The
mean planning time for 0°/70° collimator rota-
tion and optimized collimator rotation was
12.6 &= 1.10 minutes and 15.1 £ 1.18 minutes,
respectively. All three techniques met the
desired tolerances as per the CHHiP protocol
for each patient. Figure 1 shows the dose distri-
bution generated by CA,, CA;, and CA, to
PTVs for a patient and Figure 2 illustrates
DVH analysis with dose to organs at risk and
PTVs for the same patient.

A summary of dose-volume indices is shown
in Tables 2 and 3. As shown in Table 2, no sig-
nificant difterence was found between the tech-
niques for target dose conformity.

Table 3 shows the average dose to relevant
organs at risk including rectum, bladder, bowel,
and penile bulb. The constraints to all organs at
risk except penile bulb were fulfilled by each
technique. The average penile bulb volume
was 3 cm”. The Vg and Vg, dose constraint
for penile bulb were advisory as per the CHHiP
protocol (Table 1) and couldn’t be achieved
with any of the techniques. Our study shows
that the dose to penile bulb (Vsg) with CA,p,
was significantly higher (p value = 0.036) than
the other two techniques. The dose to bladder
volume (Vo) was significantly reduced with
CA,pc compared to CA (p value = 0.0048).

The proposed approaches, CA;y and CA,y,
produced similar dose distributions to CAq and
at the same time significantly reduced the total
number of MU as shown in Figure 3. The res-
ult shows that MU could be reduced by up to
20% with collimator rotational techniques with-
out compromising the plan quality. However
some plans were challenging for all collimator
angles as large volumes of bladder, bowel and
rectum overlapped with PTV structures.

Although there is a reduction in the total
number of MU, PD increased significantly for
CA7p by 1%, whereas it decreased with CA,p,
by 0.4% compared to CA,. Also, it was found
in general that the total number of MU
increased with a decrease in average MLC area
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Collimator 0°

Collimator 70°

Collimator Optimization

Figure 1. Isodose distribution of planning target volumes (PTVs) in all views produced by three techniques for one of the patients.
Dashed lines in sagittal and coronal view are contours, whereas continuous lines are isodose lines (i) PTV; — dark blue and 95%
isodose — yellow (ii) PTV; green and 91% isodose — pink (iii) PTV; — blue and 76% isodose - sky blue.

for all three techniques. The total number of
MU and the average MLC area are given in
Table 4.

DISCUSSION

The feasibility of exploiting a practical collim-
ator optimization technique for prostate
IMRT was analyzed. The results presented
indicate that plans generated with collimator
angle 70° (CA;,) and optimized collimator
angle (CA,p,) produced plans with similar qual-
ity compared to collimator angle 0° (CA)
whilst at the same time significantly reducing
total MU by 6% and 9%, respectively. Other
investigators have shown that total MU could
be reduced significantly by rotating the collim-
ator between segments”®. However, the disad-
vantage of the technique was increased total
treatment time due to the mechanical limitation
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of collimator rotation between each segment of
the field. Our results show that the collimator
rotation between fields reduced total MU with-
out increasing the time to rotate the collimator
which would result in reduced delivery time.
This would be of benefit because studies have
estimated that the increase in MU associated
with IMRT may raise the probability of long-
term complications including secondary malig-
nancies'®. Furthermore, decrease in MU may
reduce the total treatment time and thereby
decrease the possibility of spatial inaccuracy
from patient movement .

The collimator angle produced with the algo-
rithm could be practically delivered without the
need of additional time between any two fields.
Results show that CA,, created optimal plans
and also reduced the total number of MU con-
sistently with increased target conformity
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Figure 2. Dose-volume analysis of patient no. 5 created with all three techniques: 0° collimator angle CA, (solid lines), CA

(dotted lines) and CA

(dashed lines) with organs at risk

Table 2. Target dose and conformity achieved with collimator angle 0°, 70° and optimized collimator angles CA,, for six patients

Results

Structure (CHHiP Protocol) CAp % =+ s.d. CAs0 % =+ s.d. p value CAopt % =+ s.d. p value

CAO Vs CA70 CAQ Vs CAopt
(i) Target Min. Dose
PTV3 (>95%) 97.0 + 0.4 97.0 +£ 0.5 0.9526 96.7 + 0.4 0.1910
PTV, (>91%) 93.6 + 0.6 93.5 + 0.7 0.7788 93.2 + 0.6 0.0986
PTV; (>76%) 79.6 +£ 1.0 79.5 £ 1.0 0.5818 79.4 £ 0.8 0.3910
(iv) Conformity Index
PTV, 1.8 £ 0.1 1.9 £ 0.2 0.8251 1.8 £ 0.1 0.5034
PTV, 1.3 +£0.1 1.4 £ 0.1 0.4652 1.3+ 0.1 0.1766
PTV, 1.8 £ 0.1 1.9 £ 0.1 0.1556 1.8 £ 0.2 0.3351
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Table 3. Volumes receiving set doses of organs at risk with each technique. e.g. Voso, = Volume receiving 95% of prescribed dose; * - advisory

constraint

Results (Dose in %)

Structure (Volume in %) CAp £ s.d CA;o £ s.d p value CAgpt £ s.d p value
CAO Vs CA70 cAo Vs CAopt
(i) Rectum
Ves 50.6 + 9.0 50.1 + 10.0 0.5509 50.6 + 9.2 0.7443
Vg1 29.8 £7.8 30.3+£7.9 0.4296 30,1 +£7.9 0.9887
Vag 17.1 £ 5.0 17.1 £ 4.9 0.1589 16.5 + 4.7 0.2763
Vos 6.03 + 1.67 6.79 + 2.7 0.5371 5.8 £ 1.8 0.7940
(ii) Bladder
Ves 30.1 £ 6.5 30.2 &+ 6.44 0.3719 27.5 £ 5.3 0.2958
Vg1 19.1 + 4.0 19.7 £ 4.7 0.0714 17.9 £ 4.1 0.4344
V100 1.3 +1.1 1.1+ 1.0 0.2483 0.67 4+ 0.90 0.0048
(iii) Bowel
Ves 44 cm® + 6.4 42 cm®+6.2 0.4542 43 cm’ £ 6.6 0.4840
(iv) Penile bulb
*Vgg 83.0 + 17.8 86.2 £+ 22.5 0.4333 90.29 + 15.4 0.0361
*Vgq 63.6 + 32.7 74.2 £ 27.8 0.0639 74.34 + 24.8 0.0789
Lcao ®caro ® caopt
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Figure 3. Comparison of total number of MU in plans created with CAy, CAy and CA

Table 4. Comparison of the physical properties between three techniques. Results are presented as mean (s.d - standard deviation; PD — Peripheral

dose).
Results
Description CAo £ s.d CAso *+ s.d p value CAgpt = s.d p value
CAp vs CA5o CAo vs CAqp:

Monitor Units 695 + 49.8 656 + 74.0 0.0466 641 £ 58.7 0.0063
Total field area cm? 92.3 + 20.74 102.3 + 19.2 <0.001 95.8 4+ 17.2 0.0961
Total MLC area cm? 339.4 £ 37.6 359.6 £ 57.1 0.1773 362.3 £ 57.7 0.1368

PD 3126.9 4+ 554.1 3158.7 £+ 550.5 <0.001 3113.3 £ 562.5 0.7150
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compared to CA,. Apart from the penile
bulb, an advisory constraint, all other para-
meters were comparable between CA( and
CAqpe. The work presented in this paper shows
that the current limitation of collimator
optimization is that it needs additional time
(~2.5 minutes) for treatment planning as com-
pared to conventional technique with no col-
limator rotation. However, this can be
improved in future with software upgrade in
TPS and is not a long time considering that
treatment planning and checking times can typ-
ically range from 339 to 908 minutes'®. Studies
have shown that the axis of rotation of the col-
limation system and collimator speed is highly
reproducible and is therefore not a significant
source of error™’.

Peripheral dose is introduced through
internal scatter, head scatter, transmission
through collimation, head leakage, and room
scatter. A strategic orientation of the collimator
with a tertiary MLC may reduce PD distribu-
tions by more than a factor of two'’. Our
results found an increase in PD for CA5, com-
pared to CA, although there was a slight reduc-
tion in PD with CA,, with no penalty on
treatment time. This may be due to the increase
in total area created by the jaws and higher spa-
tial resolution in fluence map generation with
CA- PD distribution with collimator rotation
was found to be higher in the entrance region
of anterior oblique beams and reduced in the
lateral beams. Reduction in PD may result in
reduced complication rates to normal tissues
outside the treatment fields'’. The work pre-
sented in this paper has shown it is important

that MU and PD should both be investigated.

CONCLUSION

It has been shown that the rotational collimator
technique has a potential advantage over CAg in
the inverse IMRT treatment planning of
carcinoma prostate. The proposed technique
produced comparable plan to CA, while min-
imizing the total number of MU. It has been
shown that reduced MU per plan does not
always lead to reduced scattered dose to
patients.
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