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Abstract

Aim: The comparative study of the plan quality between volumetric modulated arc therapy (VMAT) and 3D
conformal therapy (3DCRT) for the treatment of selected representative childhood neoplasms was performed.

Materials and methods: During the year 2013, 44 children with neoplasms were irradiated using VMAT.
The 3DCRT plans were created retrospectively and compared with the VMAT plans for four tumour locations.
The conformity parameters, dose volume histograms for target volume and organs at risk, number of monitor
units and time used to deliver the single fraction were evaluated and compared for each plan. Additionally,
for patients with brain tumour the comparison of different arcs configuration was made.

Results: VMAT modality presented the superiority over older conformal methods with regard to the
improvement in the dose conformity and normal tissue sparing. The noncoplanar arcs arrangement was
beneficial in the decrease of high-dose volume and the protection of the organs at risk located oppositely to
the target volume.

Findings: VMAT could be preferred technique for treating childhood neoplasms, especially when the complex-
shaped target volume is localised close to the critical structures. The noncoplanar arcs arrangement could be
the method of choice in the reirradiated patients and in these with laterally located brain tumours.
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INTRODUCTION

Although the intensity-modulated radiotherapy
(IMRT) was the breakthrough in the capabilities

of toxicity reduction, some of paediatric radio-
therapists still have been afraid of employing
this method in young patients because of the
large low dose region and therefore potential
increase in the incidence of radio-induced sec-
ond tumours.1 Recently, there has been the
strong interest in the arc-based therapies in
attempt to overcome some of the limitations
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associated with the fixed field IMRT.2,3 The
volumetric modulated arc therapy (VMAT) has
gained popularity because of its ability to
improve the target coverage, to reduce normal
tissue doses and monitor units (MU) usage. The
major advantage over the IMRT is also short-
ening the time of treatment which is especially
beneficial for children requiring anaesthesia. It
is also important for other patients due to the
increase of comfort in their treatment and the
reduction of errors resulting from an intrafraction
motion.3–7

Focusing on the VMAT adaptation in children,
we tried to conclude which young patients may
benefit the most from this new modality. The
main aim of this study was to discuss the current
usage of VMAT in children, review the available
data and try to specify recommendations. Based
on the our own experience we presented case
studies for selected clinical applications in which
VMAT had a substantial benefit.

MATERIALS AND METHODS

In our Radiotherapy Department VMAT was
introduced in 2011. Till the end of 2013, 44
children with neoplasms were irradiated using
this method. There were 20 patients with brain
tumour, eight with sarcoma, five with acute
lymphoblastic leukemia irradiated for the total
body before stem cell transplantation, six with
Wilms tumour, three with neuroblastoma, one
with parotid cancer and one with nasopharyngeal
cancer.

Case studies of four selected patients as repre-
sentative examples were presented to demon-
strate the advantage of VMAT over the 3D
conformal radiotherapy (3DCRT). These were
the complex cases for which the standard 3D
plans used previously in our department were
often unsatisfactory. More details of the patients
are described below.

Patient 1
A 6-year-old patient with relapsed anaplastic
oligoastrocytoma localised in the region of the
brain lateral ventricles was eligible for the reirra-
diation to the total dose of 40 Gy in 20 fractions.

In 2010, the child was treated due to the primary
tumour in the frontal lobe using surgery, che-
motherapy and radiotherapy to the tumour bed
(54 Gy/30 fractions). The most important goal of
the reirradiation plan was to limit the high dose
area, especially in the region previously irradiated
due to the risk of fatal brain necrosis.

Patient 2
A 6-year-old patient with high-grade glioma
localised in the medial part of the right temporal
lobe after the tumour resection was eligible for
the tumour bed irradiation to the total dose
of 54 Gy in 30 fractions. In the postoperative
magnetic resonance imaging there was the area in
the vicinity of the brainstem with suspicion of
residual lesion. We decided to increase the total
dose up to 58 Gy in this region using simulta-
neous boost method (SIB).

For the above patients with brain tumour the
comparison of single arc, double arc and non-
coplanar arcs configuration was made to show the
difference in the dose received by normal brain
tissue (VNB) and the planning target volume
(PTV) coverage. We evaluated the brain volume
which received 95% of prescribed dose (VNB 95%)
and the moderate dose of 25Gy (VNB 25Gy).

Patient 3
A 3·5-year-old patient withWilms tumour of the
right kidney after the preoperative chemotherapy
and the right nephrectomy during which the
tumour rupture was found, was eligible for the
whole peritoneal cavity irradiation to the dose of
19·5 Gy in 13 fractions. The main constraint of
this therapy was the left kidney protection.

Patient 4
A 6-year-old patient with rhabdomyosarcoma
embryonale in parapharyngeal region with resi-
dual lesion after chemotherapy was eligible
for the irradiation using the SIB technique with
two-dose levels. The first clinical target volume
(CTV1) was defined as the region harboring the
primary tumour and pathological cervical lym-
phatic region. CTV2 was the post chemotherapy
residual lesion. Prescribed dose was of 50·4 Gy
to the CTV1 and 54 Gy to the CTV2 in 28
fractions.
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Evaluation of treatment plans
A retrospective 3DCRT plans were created and
compared with VMAT treatments plans. The
3DCRT plans were generated on the Oncentra
MasterPlan treatment-planning system which
uses Collapsed Cone Enhanced algorithm for dose
calculation. The VMAT plans were generated on
the Monaco treatment-planning system which
uses Monte Carlo dose calculation algorithm.
These plans were designed for Elekta Synergy
accelerator using 6MV photons for VMAT and 4,
6 and 15MV photons for 3DCRT.

The objectives of the irradiation planning are
presented in Table 1.

For each plan the dose volume histograms for
PTV and organs at risk (OAR) were computed.
To compare the PTV coverage, the homo-
geneity index (HI) and the conformity index (CI)
were evaluated.

The dose homogeneity was computed accor-
ding to the equation: HI ¼ D2% -D98%

Dp
, where D2%

was the near maximum dose, D98% the near
minimum dose, Dp the prescribed dose. In SIB
plans it was calculated for the boost area. The
conformity index was computed according to
the equation: CI ¼ Vref

VT
, where Vref was the

volume receiving a dose equal to or greater than
the reference dose, VT the target volume. To
assess the degree of plan’s conformity more
accurately, especially for situations when Vref and
VT are similar but not spatially overlapped, the
conformation number (CN) was estimated. This

parameter was defined by Van't Riet et al. as:
CN ¼ VTref

VT
´ VTref

Vref
, where VTref was the volume

of target receiving a dose equal to or greater than
the reference dose,VT the target volume andVref
the volume receiving a dose equal to or greater
than the reference dose.8 For a better under-
standing of the differences between 3DCRT and
VMAT we also analysed the target volume
covered by 95% of prescribed dose (PTV95%), the
normal tissue volume covered by 95% of pre-
scribed dose (VNT95%) and the tissue volume
receiving the moderate dose of 25 Gy (V25Gy)
and low dose of 5 Gy (V5Gy).

For 3DCRT and VMAT plans, the calculated
number of MUs and the time used to deliver the
single irradiation fraction were compared. The
irradiation time was measured from the beginning
to the completion of the single fraction delivery.
The 3DCRT plans were delivered with a maxi-
mum dose rate of 450–500MU/minute, for
VMAT the dose rate did not exceed 250MU/
minute.

RESULTS

The details of individual plans, MU number and
delivery time for single fraction were shown in
Table 2

To obtain the 3DCRT plan that complies
with the PTV coverage and OAR constraints
criteria, the noncoplanar beam arrangement was
used in three cases. This was the key cause of the
treatment time extension which was longer than

Table 1. The objectives of the radiotherapy planning

Patient/radiotherapy region PTV OAR

1. Brain: reirradiation 40 Gy/20 fractions High-dose area reduction
aBrainstem: D2%< 25 Gy
aOptic chiasm D2%< 5 Gy

2. Brain: SIB 54 Gy/SIB 58 Gy/30 fractions Brainstem: D2%< 58 Gy
Optic chiasm: D2%< 55 Gy
Mean dose reduction in: normal brain, pituitary gland,
opposite temporal lobe, hippocampus and cochleae

3. Peritoneal cavity 19·5 Gy/18 fractions Single kidney: Dmean≤ 12 Gy
4. Parapharyngeal: SIB 50·4 Gy/SIB 54 Gy/28 fractions Spinal cord: D2%< 45 Gy

Brainstem: D2%< 58 Gy
Optic chiasm: D2%< 55 Gy
Mean dose reduction in: pituitary gland, cochleae right

Notes: aThe dose was limited because of the primary irradiation.
Abbreviations: PTV, planning target volume; OAR, oragns at risk; SIB, simultaneous boost method.
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in VMAT plan for two patients. In one case also
MU amount was greater for 3DCRT plan.

The detailed analysis and comparison for all
plans is presented in Table 3.

For patient no. 1 VMAT with four noncoplanar
arcs configuration was used. The PTV coverage
and conformity parameters were better for this
plan compared with 3DCRT, but both methods

achieved the 95% isodose coverage to at least
98% of the PTV. The main disadvantage of the
conformal 3D plan was much greater volume of
normal tissue covered by 95% isodose (52 versus
19 cm3) which resulted in significant CI and CN
deterioration (CI: 1·37 versus 2·02 and CN: 0·72
versus 0·48, respectively). Comparing the non-
coplanar beam configuration to the single arc
and double arc, the conformity parameters were
slightly improved. Additionally, the noncoplanar

Table 2. Plans characteristics

Patients 3DCRT VMAT

1 Plan Noncoplanar 4 Noncoplanar arcs

Beam arrangements Seven fields Couch 0°, start angle 200°, length of arc 322°
couch 0° for six fields Couch 45°, start angle 183°, length of arc 176°
couch 340° for one field Couch 90°, start angle 192°, length of arc 178°
Three fields with wedges Couch 325°, start angle 179°, length of arc 179°

MU total 350 508
Delivery time (minutes) 5·7 10·3

2 Plan Noncoplanar Double arc

Beam arrangements Eight fields Couch 0°, start angle 185°, length of arc 300°
Couch 0° for six fields
Couch 60° for two fields
Three fields with wedges

MU total 548 423
Delivery time (minutes) 7 3·7

3 Plan Two opposite AP fields Double arc

Beam arrangements Kidney block in posterior field Couch 0°, start angle 250°, length of arc 290°
MU total 135 657
Delivery time (minutes) 5·2 8·1

4 Plan Noncoplanar Double arc

Beam arrangements Seven fields Couch 0°, start angle 195°, length of arc 330°
Couch 0° for six fields
Couch 90° for one field

MU total 262 502
Delivery time (minutes) 5·7 4·6

Abbreviations: 3DCRT, 3D conformal therapy; VMAT, volumetric modulated arc therapy; MU, monitor unit.

Table 3. The detailed analysis for 3DCRT and VMAT plans

Pt. HI CI CN PTV 95% (%) NT 95% (cm3) V25Gy(cm3) V5Gy(cm3)

3D VMAT 3D VMAT 3D VMAT 3D VMAT 3D VMAT 3D VMAT 3D VMAT

1. 0·06 0·07 2·02 1·37 0·48 0·72 98·6 99·1 52 19 273 181 1,232 1,107
2. 0·07 0·03 1·42 1·38 0·61 0·71 95·2 98·9 139 111 970 1,167 2,123 2,049
3. 0·36 0·09 1·14 1·22 0·66 0·80 88·0 99·0 NA NA NA NA NA NA
4. 0·09 0·06 1·33 1·45 0·62 0·67 90·7 98·7 170 200 1,034 1,191 2,065 1,691

Abbreviations: 3DCRT, 3D conformal therapy; VMAT, volumetric modulated arc therapy; HI, homogeneity index; CI, conformity index; PTV,
planning target volume; NT, normal tissue; V25Gy, volume receiving the moderate dose of 25 Gy; NA, not applicable.
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arcs achieved a bit smaller normal brain volume
covered by the 95% isodose which amounted
19·0 versus 19·7 cm3 for double arc and 21·0 cm3

for single arc. The OAR constraints were com-
plied in all plans. All other parameters are pre-
sented in Table 4.

VMATwith double arc was applied for patient
no. 2. The PTV coverage, conformity and
homogeneity parameters were slightly better in
this plan compared with 3DCRT. The shorter
irradiation time and fewer MUs used in single
fraction delivery were the additional advantages.
Comparing the three VMAT arcs configurations,
the significant difference in the conformity and
homogeneity parameters has not been demon-
strated. The noncoplanar arcs plan resulted in the
reduction of the normal brain volume receiving

the moderate dose (Table 4). This plan was
the most beneficial in the OAR sparing. The
opposite structures: the left temporal lobe, hippo-
campus and cochleae obtained significantly lower
mean doses, respectively: 20·9, 26·7, 18·8 versus
28·4–32·4, 39·9–42·2 and 30·7–33·2 Gy for
remaining plans. The maximum dose for the
centrally located structures such as the optic
chiasm and brainstem as well as the mean dose for
the pituitary gland were almost equivalent. It is
presented in Figure 1.

For patient no. 3, VMAT with double arc was
applied. In this case mainly the conformity and
homogeneity parameters were evaluated. Almost
all scanned tissues were in the full prescribed
dose. The right kidney received the mean dose of
12 Gy in the both plans. In this case, the 3DCRT
plan was unsatisfactory due to worse target
volume covering. The PTV95% amounted 88%
for 3DCRT versus 99% for VMAT.

For patient no. 4, VMAT with double arc was
used. The rotational technique was beneficial
comparing the PTV coverage (98·7 versus 90·7%
for 3DCRT). Treatment time with 1·8 Gy frac-
tion was 4·6 minutes for VMAT versus 5·7 min-
utes for 3D plan. The mean MU was 502 and
262, respectively. In VMAT, larger tissue volume
received high and moderate dose, contrary to the
low-dose volume which was smaller. Except the
right cochleae which received about 15 Gy lower
dose in arc plan, the difference in the OAR
sparing was insignificant (Figure 2).

Table 4. VMAT conformity parameters for three different arcs configuration in patients with brain tumour

Patient 1 Patient 2

Single arc Double arc Noncoplanar arcs Single arc Double arc Noncoplanar arcs

HI 0·09 0·07 0·07 0·04 0·03 0·04
CI 1·41 1·39 1·37 1·35 1·38 1·36
CN 0·69 0·71 0·72 0·73 0·71 0·72
PTV 95% 98·8 99·5 99·1 99·3 98·9 99·1
VNB 95% 1·4% 1·3% 1·3% 6·6% 7·5% 6·5%

21 cm3 19·7 cm3 19 cm3 74·7 cm3 85·3 cm3 74·2 cm3

VNB 25 Gy 9·1% 8·9% 9·0% 55·5% 55·7% 42·5%
132 cm3 130 cm3 131 cm3 629 cm3 632 cm3 482 cm3

VNB 5 Gy 65·1% 65·1% 72·3% 86·5% 89·5% 95·4%
952 cm3 952 cm3 1,057 cm3 981 cm3 1,014 cm3 1,081 cm3

Abbreviations: VMAT, volumetric modulated arc therapy; HI, homogeneity index; CI, conformity index; CN, conformation number; PTV, planning
target volume; VNB, normal brain volume.

Figure 1. The OAR doses for the patient 2.
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Summarising, for all presented cases the PTV
coverage was improved for VMAT plans com-
pared with 3DCRT. In patients irradiated for the
whole peritoneal cavity and for the pharyngeal
region, 3D plans were unacceptable due to the
insufficient target volume coverage. For patients
with brain tumour, VMATwas also the method of
choice because of higher conformity and better
OAR as well as normal tissue protection. Planning
with double or noncoplanar arcs slightly improved
plan quality compared with single arc.

DISCUSSION

The significant advance in the irradiation delivery
has been mainly driven by the need to reduce the
dose to normal tissue and thereby decrease the risk
of toxicity. Besides the obvious advantages of
IMRT, this method still raises some concerns due to
the use of large number of MU and the increase of
the low dose area.1 Most authors highlighted that
VMAT modality through the reduction in the
treatment time andMUs could be the best option in
paediatric patients due to the possibility of anaes-
thesia time shortening and decreasing of secondary
malignancies risk.4–7

We presented four selected paediatric neo-
plasms in which VMAT had the clear advantage
compared with the standard 3D conformal
techniques. These cases were: brain tumour
reirradiation, high-grade glioma located in close
vicinity of the brainstem, whole peritoneal cavity
irradiation in Wilms tumour and rhabdomyo-
sarcoma in parapharyngeal region.

There is little data about clinical application of
VMAT in children with neoplasms. Matuszak
et al., presented the paediatric case with recurrent
rhabdomyosarcoma to compare IMRT and
VMAT plans. The dosimetric quality was similar
in these plans, but the total MU and time
required for delivery were reduced by 24 and
78%, respectively.4 The similar advantages in the
treatment time and the MU amount were found
in the application of the intensity-modulated
arc therapy in children with retroperitoneal
tumours. Shaffer et al., in their comparison stated
that the intensity-modulated techniques allowed
for the conformity increase and reduction of the
dose for the liver. The treatment time was the
shortest in VMAT compared with the remaining
techniques. Likewise, the significant MU num-
ber reduction was obtained.6 This observation
was not confirmed in our evaluation but all
VMAT plans were delivered using double or
noncoplanar multi arcs configuration which
was the cause of the considerable time and MU
increase.

Wagner et al. recommended the 3D conformal
radiotherapy over the intensity-modulated tech-
niques for paediatric patients with brain tumours
guided by their calculations of the low dose
region which was larger in IMRT methods
than for 3DCRT.9 It seems that the minimal
difference in the low-dose volume should not
justify this recommendation, especially if the
target coverage was noticeably worse for the
3DCRT technique. In our analysis the low-dose
volume was slightly greater for all 3DCRT plans.
The noncoplanar fields arrangement was the
main cause of this issue.

Beltran et al., in the study about the intensity-
modulated arc therapy for paediatric posterior
fossa tumours highlighted that the conformity
should be the priority in paediatric patients
because of the most serious toxicity like necrosis
or second neoplasms occurring predominately in
high-dose region.5 As stated in the main reviews,
most of the secondary tumours emerge close to
the irradiated fields.10–12 Diallo et al., in the cohort
of 115 second tumours, found 12% of them in
the central area of the irradiated volume, 66% in
the beam-bordering region.11 In the Galloway
analysis, the dose to the second tumour site was

Figure 2. OAR doses characteristics for the patient 4.
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usually in the range from 20 to 36 Gy.10 The
others late effects connected with cognition,
endocrine function and hearing are also the result
of the high-dose application.13 Beltran et al.,
recommended the double noncoplanar IMAT,
especially when critical structures are in the proxi-
mity of the PTV due to better conformity of the
high-dose volume.5 This evaluation is in accor-
dance with our observations. The noncoplanar
VMAT was the most beneficial in the limitation of
the high- and moderate-dose volume. For patient
no. 1, the volume of normal brain covered by the
95% of prescribed dose was reduced by 10% in the
noncoplanar plan compared with single arc. In
patient no. 2, this high-dose volume reduction
was smaller, but the volume of normal brain
obtained at least 25 Gy was reduced by 24%, and
additionally more favourable OAR protection
was received. The critical structures localised
oppositely to the target volume obtained the
mean dose reduced by average 34% for hippo-
campus, 35% for temporal lobe and 40·5% for
cochleae compared with double and single arc. It
seems that VMAT, especially with noncoplanar
arcs arrangement could be the method of choice
in the reirradiated patients and in these with brain
tumours localised laterally to the critical struc-
tures. For remaining centrally located neoplasms,
the single or double arc could be the preferred
VMAT option mainly due to the shorter treat-
ment time and the MU number reduction.

Qi et al., formulated similar conclusions in the
comparison study in children with germinoma.
VMAT was compared with 3D conformal radio-
therapy in the whole-ventricular radiation. The arc
therapy provided increased conformity and reduced
dose to normal tissue. Additionally, authors used the
IQ modelling to show the potential benefit of the
decreased dose to the temporal lobes. The differ-
ence in IQ scores between VMAT and 3DCRT
was ~6 points.14 One can expect that this will have
an impact on academic, social and employment
functioning for these children.

In the complex-shaped target volume, for
example, in patients irradiated for the whole
peritoneal cavity or with head and neck tumours,
the previously used 3D techniques produced the
insufficient PTV coverage. VMAT presented
the conformity improvement and better OAR

protection. It seems that the majority of these
patients could benefit from the arc therapy.
Nowadays in our department, only for whole
brain irradiation and limb sarcomas no advantages
of VMAT technique were observed.

One of the most interesting and difficult radio-
therapy technique is the total marrow irradiation
(TMI) before stem cell transplantation.15,16

Because of the complexity of VMAT usage in
TMI, the description of this method will be the
subject of another publication.

CONCLUSIONS

VMAT is the new radiation technology which has
the clear superiority over the conventional con-
formal methods with regard to the improvement in
the dose conformity and normal tissue sparing.
The noncoplanar arcs arrangement is beneficial in
the decrease of the high-dose volume and OAR
protection, particularly the opposed structures in
the laterally located brain tumours. This should be
the method of choice in the reirradiated patients.
There is the evidence to show that VMAT has a
definite place in the paediatric radiotherapy. This
method may be considered as the alternative to
proton therapy. However, the longer follow-up
will be required to quantify the risk of late toxicity.
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