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Abstract

AIM: To prospectively compare volumetric intensity-
modulated arc therapy (VMAT) and conventional inten-
sity-modulated radiation therapy (IMRT) in coverage
of planning target volumes and avoidance of multiple
organs at risk (OARs) in patients undergoing defini-
tive chemoradiotherapy for advanced (stage III or 1V)
squamous cell cancer of the head and neck.

METHODS: Computed tomography scans of 20 pa-
tients with advanced tumors of the larynx, naso-, oro-
and hypopharynx were prospectively planned using
IMRT (7 field) and VMAT using two arcs. Calculated
doses to planning target volume (PTV) and OAR were
compared between IMRT and VMAT plans. Dose-vol-
ume histograms (DVH) were utilized to obtain calculat-
ed doses to PTV and OAR, including parotids, cochlea,
spinal cord, brainstem, anterior tongue, pituitary and
brachial plexus. DVH’s for all structures were compared
between IMRT and VMAT plans. In addition the plans
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were compared for dose conformity and homogeneity.
The final treatment plan was chosen by the treating
radiation oncologist.

RESULTS: VMAT was chosen as the ultimate plan
in 18 of 20 patients (90%) because the plans were
thought to be otherwise clinically equivalent. The IMRT
plan was chosen in 2 of 20 patients because the VMAT
plan produced concentric irradiation of the cord which
was not overcome even with an avoidance structure.
For all patients, VMAT plans had a lower number of
average monitor units on average (MU = 542.85) than
IMRT plans (MU = 1612.58) (P < 0.001). Using the
conformity index (CI), defined as the 95% isodose vol-
ume divided by the PTV, the IMRT plan was more con-
formal with a lower conformity index (CI = 1.61) than
the VMAT plan (CI = 2.00) (P = 0.003). Dose homo-
geneity, as measured by average standard deviation of
dose distribution over the PTV, was not different with
VMAT (1.45 Gy) or IMRT (1.73 Gy) (P = 0.069). There
were no differences in sparing organs at risk.

CONCLUSION: In this prospective study, VMAT plans
were chosen over IMRT 90% of the time. Compared to
IMRT, VMAT plans used only one third of the MUs, had
shorter treatment times, and similar sparing of OAR.
Overall, VMAT provided similar dose homogeneity but
less conformity in PTV irradiation compared to IMRT. This
difference in conformity was not clinically significant.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Radiation therapy is a mainstay of treatment for both
early and advanced stage head and neck cancer. Tradi-
tional head and neck conformal radiation therapy, in
addition to problems related to matching of multiple
beams, was often associated with multiple toxicities in-

cluding xerostomia (dry mouth) dysgeusia, hearing loss,
brain necrosis, osteonecrosis of the mandible. To mini-
mize the difficulties of matching multiple beams and
ameliorate toxicities, radiation therapy for most head and
neck cancer has shifted away from traditional conformal
techniques (3DCRT) to fixed-angle intensity modu-
lated radiation therapy (IMRT). IMRT uses multiple
intensity-modulated beams to deliver non-uniform dose
to the target. Beam modulation is created using a multi-
leaf collimator (MLC). Superimposing numerous small
beams produces a dose distribution with better target
dose conformity and better sparing of critical structures
than 3DCRT. IMRT allows the ability to escalate the tar-
get volume dose while reducing the dose to surrounding
normal tissue and sparing organs at risk (OAR). Disad-
vantages of fixed angle IMRT compated to conformal
therapy include: longer radiation delivery time and in-
creased patient exposure to low dose radiation.

Recently, a new version of IMRT, volumetric modu-
lated arc therapy (VMAT) has been developed. In VMAT,
instead of using multiple fixed fields, the radiation is de-
livered in a continuous arc as the linear accelerator rotates
around the patient, while the beam is modulated via the
MLC, variable dose rate and variable gantry speed. Early
reports suggest that VMAT produces dose-distributions
comparable to IMRT for a variety of treatment sites",
While retrospective dosimetric planning studies have
compared the techniques in head and neck cancer™, no
prospective clinical study had been done. As part of the
institutional quality assurance/quality improvement pro-
cess, a prospective study comparing VMAT and IMRT
plans for dose homogeneity, dose conformality and abil-
ity to spare OAR was performed among 20 consecutive
patients with advanced (stage Il and IV) cancers of the
head and neck. The clinically supetior plan was selected
for treatment by the treating radiation oncologist.

MATERIALS AND METHODS

Patient selection and computed tomography simulation
In 2009, 20 consecutive patients with advanced (stage
Il and IV) head and neck tumors wete selected for this
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prospective study. The study was approved by the in-
stitutional review board. Computed tomography (CT)
simulation was performed with patients in the supine
position, a neck cradle was used for support and Aqua-
plast facemask was custom fit for immobilization. CT
imaging was performed from vertex to 2 cm below the
clavicle in 2.5 mm-thick slices. Scans were transferred to
the Eclipse treatment planning station for simultaneous
planning of both IMRT and VMAT treatment plans.

Volume definition

The extent of the primary tumor volume was based on
physical examination of the head and neck, review of
video laryngoscopy, and review of available diagnostic
imaging. Gross tumor volume (GTV) was defined as
the primary tumor volume and involved cervical lymph
nodes (based on enlargement by CT imaging or abnoz-
mal uptake of radiolabeled [18F]-2-fluoro-deoxy-D-glu-
cose (FDG) on PET/CT imaging). All treatment plans
were prescribed to at least two dose levels, a high dose
(HD) and a lower, elective dose (ED). Clinical target vol-
ume receiving a high dose (CTVup) was defined as GTV
plus a 1ecm margin. Clinical target volume receiving an
elective dose (CT'Vep) consisted of clinically-negative bi-
lateral cervical lymph nodes at risk of metastatic disease
plus a 3mm margin. In select cases, when the tumor was
felt to be infiltrative (endophytic) or when the border
was ill defined, an intermediate volume (CTVinr) was
defined slightly larger than CTVHp to prescribe an inter-
mediate dose between the high dose and elective dose.
Planning target volumes (PTVup, PTVEp, PTVint) were
defined as respective clinical target volumes (CTVmb,
CTVep, CTViNt) plus a 3 mm margin for setup errors.
The uninvolved cervical lymph nodes at risk were con-
toured as defined by the Radiation Therapy Oncology
Group (RTOG) consensus guidelines[ql. Segmented OAR
were the parotid glands, spinal cord, brainstem, cerebel-
lum, cochlea, brachial plexus, anterior half of tongue.

Dose prescription

For patients with unresected tumor, PTVup was pre-
scribed to a total dose of 70 Gy in 35 fractions at 2 Gy
per fraction. PTVep was prescribed 56 Gy in 35 fractions
at 1.6 Gy per fraction. When indicated, PTVint was pre-
scribed to anywhere between 60-66 Gy in 35 fractions at
1.7-1.9 Gy per fraction. For patients receiving post-opera-
tive radiation, the primary tumor bed and involved nodes
(PTVhp) was prescribed to a total dose of 66 Gy in 33
fractions at 2 Gy per fraction. PTVep was prescribed to
56 Gy in 33 fractions at 1.7 Gy per fraction. Constraints
for volume coverage and dose limits for OAR used for

IMRT and VMAT planning are described below:

Conventional IMRT and VMAT planning

IMRT plans were generated using 7-10 non-parallel,
non-coplanar fields of 6MV photons using a dynamic
ot sliding window technique. Optimization and dose cal-
culations were performed with Eclipse version 8.1. The
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Table 1 Ciritical structure dose tolerances
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Table 2 Patient characteristics

Critical structure/organ at risk Dose (Gy)
Ant tongue (1/2 or 1/3) 70
Brainstem 54
Brain - 50% 54
Brachial plexus 60
Spinal cord 45
Cochlea 30
Parotid - 50% 30

PTVs were reduced to 3 mm below the skin surface to
avoid acute dermal toxicitylmj. For optimization, the ob-
jective was to achieve all of the PTV volumes to receive
> 95% of the prescribed dose. Dose constraints for the
OAR were as per policy of the RPCI Radiation Medi-
cine department as guided by Emami ez al" as shown
in Table 1. After optimization, the dose calculation was
performed in Eclipse with the PBC algorithm using a
calculation grid of 2.5 mm. Each VMAT plan consisted
of two full arcs (-179 to 180 degrees), one clockwise
and the second in the counter-clockwise direction. Col-
limator angle was selected between 30 and 45 degrees
to cover the entire PTV. Dosing objectives for the PTV
and OAR were as described for IMRT planning. VMAT
planning was performed in Eclipse version 8.5, using the
AAA calculation algorithm, and the Progressive Resolu-
tion optimization algorithm.

Plan evaluation and selection

Calculated doses to planning target volume (PTV) and
OAR were compared between IMRT and VMAT plans.
Dose-volume histograms (DVH) were utilized to obtain
calculated doses to PTV and OAR, including parotids,
cochlea, spinal cord, brainstem, anterior tongue, pituitary
and brachial plexus, and were compared between IMRT
and VMAT plans. In addition the plans were compatred
for dose conformity and homogeneity. The conformity
index (CI), defined by RTOG 90-05 as the 95% isodose
volume divided by the PTVup was used to assess plan
conformity*"”. Dose homogeneity was measured by
the average standard deviation of dose disttibution over
the entire PTVup. Ultimately, the clinically superior treat-
ment plan was selected by the radiation oncologist and
the prescription dose was normalized an isodose selected
by the radiation oncologist to after review of the dose
coverage of the PTV.

RESULTS

Patient characteristics

All patients included in the study had stage 1 or IV
head and neck cancer. All but 1 of the patients had a
squamous cell carcinoma of the head and neck. One pa-
tient had adenoid cystic carcinoma. Two of 20 patients
had invasive disease or other high risk features that
warranted the prescription of an intermediate dose to a
clinically determined intermediate volume (PTVmnr) and
the average prescribed dose to this volume was 61.5 Gy.
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Pt Pathology/site/stage HD ID ED Plan

1 SCC Oropharynx T3N3 70 56 VMAT
2 SCC Larynx T4NO 70 63 56 VMAT
3 SCC Oropharynx ~ T2N2A 70 60 VMAT
4 SCC Larynx T3N2B 66 66 VMAT
5 sCcC Larynx T3N2C 70 56 VMAT
6 SCC Oropharynx ~ T2N2B 70 56 VMAT
7 SCC Oropharynx T3NO 70 56 VMAT
8 SCC Larynx T4N2C 70 56 VMAT
9 SCC Nasopharynx ~ TIN3 70 60 55 VMAT
10 scC Oropharynx TIN1 66 56 VMAT
11 SCC Larynx T3NO 70 56 VMAT
12 Medullary  Thyroid T4bN1b 66 66 VMAT
13  scC Oropharynx  T4N2C 70 63 VMAT
14 SCC Oropharynx ~ T2N2C 70 56 VMAT
15 SCC  Hypopharynx  T2N3 70 56 VMAT
16  SCC Oropharynx T2N3 70 60 VMAT
17 SCC Larynx T3NO 70 56  IMRT
18  scCC Oropharynx ~ T3N2C 70 56  IMRT
19 scC Oropharynx ~ T3N2B 70 56 VMAT
20 SsCC Oropharynx T2N1 70 56 VMAT

SCC: Squamous cell carcinoma; HD: High dose; ID: Intermediate dose; ED:
Elective dose. VMAT: Volumetric modulated arc therapy; IMRT: Intensity
modulated radiation therapy.

This information is summarized in Table 2.

Plan comparison and selection

VMAT was chosen as the plan to deliver in 18 of 20
patients (90%) because the plans were deemed to be
clinically superior or otherwise clinically equivalent. The
IMRT plan was chosen in 2 of 20 patients because the
VMAT plan produced concentric irradiation of the cord
which was not overcome despite the use of a spinal
cord avoidance structure. An example of a VMAT plan
delivering concentric irradiation is shown in Figure 1.
Table 3 summarizes the number of monitor units (MU)
required by each beam or arc for each IMRT and VMAT
plan respectively. For every patient, the VMAT plan had
a lower number of monitor units when compated to the
respective IMRT plan. Average VMAT MU = 542.85 us
IMRT MU = 1612.58 (P < 0.001). Utilizing the confor-
mity index as a measure of plan conformity, a perfectly
conformal plan is described as CI = 1. Therefore as the
CI approaches 1 the plan is motre conformal. In the 20
patients included in this study, the average conformity
of the VMAT plans (CI = 2.00) were less conformal
when compared to the average conformity of the IMRT
plans (CI = 1.61). This finding was statistically signifi-
cant (P = 0.003). Dose distribution over the PTVup was
on average, more homogeneous in the VMAT plans
(average standard deviation of PTVup dose = 1.45 Gy)
when compared to the IMRT plans (average standard
deviation of PTVup dose = 1.73 Gy). Figure 1 shows
the DVH curves for PTVup for all patients. The mean
IMRT and mean VMAT DVH curves ate plotted against
each other. As shown in this figure, the mean VMAT
DVH has a more homogeneous dose compared to the
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Table 3 Target volume dose delivery analysis of volumetric
intensity-modulated arc therapy (two arcs) and intensity mod-

ulated radiation therapy (seven to ten sliding window fields)
plans

Monitor units Conformity index Dose Homogeneity

Patient VMAT IMRT VMAT IMRT VMAT  IMRT
1 431 2211 1.15 1.19 247 2.59
2 530 1264 2.69 1.85 123 1.78
3 465 1853 1.74 1.97 1.31 2.34
4 584 1681 1.34 1.35 1.61 2.33
5 526 1423 1.69 1.38 1.15 1.95
6 593 1560 2.00 143 1.07 2.01
7 552 2046 1.79 1.66 1.08 2.34
8 522 1579 1.34 1.28 2.06 2.66
9 672 1473 1.72 1.70 0.98 246
10 668 1359 1.90 1.42 2.38 1.91
11 614 1000 3.07 1.67 1.05 0.79
12 533 2047 1.27 1.38 1.92 1.42
13 483 2087 1.86 1.58 141 2.05
14 531 1319 1.65 1.23 1.27 2.06
15 544 1188 241 1.67 1.58 1.27
16 520 1769 2.50 243 1.69 1.06
17 519 1114 3.27 2.39 1.11 1.19
18 542 1273 1.63 1.64 1.31 0.81
19 565 1258 2.16 1.84 144 1.01
20 463 1135 3.95 2.26 0.98 0.58
Mean 54285 1612.58  2.00 1.61 145 1.73
P value <0.001 0.003 0.069

Comparison of monitor units required, conformity using conformity in-
dex and dose homogeneity using standard deviation of dose to PTVup. A
lower CI corresponds to the more conformal plan. A lower standard de-
viation is seen in a more homogeneous plan. VMAT: Volumetric intensity-
modulated arc therapy; IMRT: Intensity-modulated radiation therapy.

mean IMRT DVH (as the VMAT DVH is steeper than
the IMRT DVH). This finding approached, but did not
meet statistical significance (P = 0.069). Table 4 summa-
rizes the mean dose (Dmen) to each of the studied organs
at risk. Statistical significant difference was noted for the
cochlea, however for all other critical structures there
was no clear difference in mean dose. Overall, there were
no differences in sparing organs at risk.

DISCUSSION

This study is the first prospective comparison of VMAT
and IMRT in the actual treatment of advanced head and
neck cancer patients. Ultimately, the VMAT plan was chosen
for 18 of 20 (90%) patients. Compared to IMRT, VMAT
plans used only one third of the MUs, had shorter treatment
times, and similar sparing of OAR. Overall, VMAT plans
trended towatds better dose homogeneity but ultimately
were found to have statistically significant less conformity in
PTV irradiation compared to IMRT plans. This difference
in conformality was not clinically significant.

In contrast to our prospective study which imple-
mented the superior plan in the treatment of patients,
all other reports comparing VMAT and IMRT for treat-
ment planning in cancers of the head and neck have
been retrospectively performed as theoretical exercises
that were not intended to be directly implemented in
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Table 4 Mean dose to organs at risk across all intensity mod-

ulated radiation therapy and volumetric intensity-modulated
arc therapy plans

Mean dose (Gy) P value
IMRT VMAT

Ant tongue 52.7 51.1 0.135
Brainstem 15.3 14.3 0.264
Left cochlea 23.7 18.8 0.002
Right cochlea 224 193 <0.001
Left parotid 46.8 46.5 0.68
Right parotid 47.3 46.7 0.373
Spinal cord 20.4 20.9 0.173

VMAT: Volumetric intensity-modulated arc therapy; IMRT: Intensity-
modulated radiation therapy.

patients. Overall, our results are consistent with the find-
ings of several retrospective planning studies. Verbakel ez
al” found a statistically significant improvement in dose
homogeneity with a similar compromise in conformity.
However, unlike the findings reported here, Verbakel ez
al found an improved sparing of the parotid glands. A
study by Alvarez-Moret ¢z al” found comparable results
between IMRT and double-arc VMAT in four patients.
A third study by Bertelsen e# al® compared IMRT to sin-
gle-arc VMAT found no difference in dose homogeneity
and equal or improved dose conformity with single-arc
VMAT. Several of the metrics used in that study showed
improved sparing of the parotids and spinal cord. The
findings presented here show a significant improvement
in MUs with VMAT using on average 66% of the MUs
of the respective IMRT plan. A comparable reduction
was shown by Verbakel ¢ 2/” but not by Alvarez-Moret
and Bertelsen. Some of these discrepancies may be ex-
plained by the fact that treatment planning was using the
Eclipse planning system for a Varian linear accelerator in
this study and that of Verbakel while the other two ret-
rospective studies utilized Elekta systems.

The studies by Verbakel ¢z a/” and Alvarz-Monet
et al”. compared IMRT plans with both single-arc and
double-arc VMAT plans. Both reported that single-arc
VMAT plans were inferior to double-arc plans and, un-
like the findings of Bertelsen ef al”, single-arc VMAT
plans were worse than IMRT. The double-arc plans were
more comparable to IMRT plans, and as a consequence,
single-arc plans were not included in this study.

In the past, some of the major issues raised with
IMRT replacing the simpler 3D conformal RT plans
were the more complicated treatment setup, and longer
treatment times. However, the benefit to the patient in
reducing xerostomia and other such side effects out-
weighed the drawbacks. With VMAT plans, treatment
times are faster, beam-on times are shorter as evidenced
by the lower number of monitor units on average
with VMAT plans when compared to the IMRT plans.
VMAT plans have less than a third of the number of
monitor units as IMRT plans on average. This should
decrease (though not eliminate) previous concerns about
IMRT plans with higher monitor units leading to in-
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Figure 1 PTVwo dose volume histogram for all volumetric intensity-mod-
ulated arc therapy plans (blue), all intensity modulated radiation therapy
plans (red). The mean intensity modulated radiation therapy dose volume
histogram (DVH) (blue dashed line) is plotted on the same axis as the mean
volumetric intensity-modulated arc therapy DVH (red solid line). PTV: Plan-
ning target volume; VMAT: Volumetric modulated arc therapy; IMRT: Intensity-
modulated radiation therapy.

creased leakage radiation and increased risk of radiation
induced second malignancies"".

VMAT plans, on average, had a lower standard devia-
tion of the dose delivered to the PTVup when compared
to the standard deviation of the IMRT plans. This is
demonstrated by a steeper drop off in the DVH for the
PTVup. The VMAT plans, by virtue of a lower standard
deviation, and steeper drop off, had greater dose homo-
geneity when compared to the IMRT plans. This result
trended towards but did not achieve statistical significance
likely due to the small number of patients accumulated
by this study. The ability to produce a more homogenous
dose could be clinically relevant, by eliminating “cold
spots” within the PTV, may improve not only primary
tumor control but improve loco-tegional control.

However when the plans were compared for confor-
mity, IMRT was found to be more conformal by having
a lower CI when compared to VMAT plans. A review of
the conformity index by Feuvret ¢ a/” discussed the po-
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Figure 2 Example plan evaluation of intensity modulated radiation ther-
apy vs volumetric intensity-modulated arc therapy for patient No.18. The
volumetric intensity-modulated arc therapy plan (right) had dose that wrapped
around the spinal cord despite an avoidance structure. The corresponding in-
tensity modulated radiation therapy plan (left) did not.

tential inaccuracies of the conformity index as defined by
the RTOG, compared to other potential formulae to de-
fine conformity. The RTOG CI was used for this study,
as it is the most commonly used measure seen in the
literature, and as the simplest formula, it is the easiest to
conceptualize. While the flaws inherent to using a single
number to the similarity between two complicated 3D
shapes (PTVabp, 95% isodose volume) are obvious, the
RTOG (I still provided a measure to compare the two
plans. It is not clear whether a small loss of conformity
between IMRT and VMAT planning is relevant to the
overall clinical picture. In a review of the treatment plans,
it was observed that for select patients there was spillage
of the high dose well beyond the PTVup and into the
PTVep as shown in Figure 2. This overflow of dose was
not observed in the respective IMRT plan. Certainly this
contributes to the higher CI of the VMAT plans when
compared to the IMRT plans. At this time, it is not clear
why or how the optimizer allows this overflow. This is an
issue that warrants further study, the results of which will
be published in future follow-up study.

There was no statistically significant difference in the
mean dose delivered by both plans across most OAR
that were studied. Only the cochlea (both left and right)
demonstrated a statistically significant improvement in
sparing dose to a critical structure with VMAT when
compared to IMRT. The apparent loss in conformity as
described eatlier does not appear to worsen the ability
of VMAT to spare critical structures when compared
to IMRT. From this study, VMAT does not underper-
form IMRT in sparing OAR and produces plans that
are comparable to IMRT in sparing OAR. Based on the
findings of this study, and the improvements afforded
by VMAT, currently all head and neck treatment plans
are initially created using VMAT. Fixed-angle IMRT was
performed only when the VMAT plan was found to be
clinically unacceptable. More recently, this has become
an increasingly rare event. Since this initial expetience
with VMAT, several techniques have been utilized at our
institution to eliminate some of the issues found here,
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and have resulted in an improvement in the conformity
of the VMAT plans. These techniques will be utilized to
retrospectively create new VMAT plans for the patients
in this study and an update on this VMAT experience
will be published in the near future.

In this prospective study, we set out to describe a sin-
gle institution’s initial clinical implementation experience
with VMAT compared to current standard IMRT for ad-
vanced stage head and neck carcinomas. VMAT allowed
faster treatment times and used 66% lower monitor units
when compared to IMRT. Analysis of the treatment
plans showed that VMAT plans were less conformal than
IMRT plans. This is possibly due to spillage of higher
dose outside of the PTVup and into the PTVep. The
VMAT plans trended toward a more homogeneous dose,
but did not meet statistical significance. OAR sparing by
VMAT plans was comparable to IMRT plans. Ultimately,
90% of patients were treated with a VMAT plan that was
either superior to, or comparable to its respective IMRT
plan, as selected by the treating radiation oncologist.

COMMENTS

Background

Radiation is a fundamental aspect of definitive treatment for patients with
cancers of the head and neck. In the head and neck, there are many important
glands, muscles and organs in a very small space, often very close to the tumor.

Research frontiers

Volumetric intensity modulated arc therapy (VMAT) is a recent novel
advancement in the way radiation therapy is planned on the computer and
delivered by the linear accelerator.

Innovations and breakthroughs

Prior studies of patients with head and neck cancer have shown excellent
local control and an ability to avoid over-dosing adjacent organs at risk with
conventional intensity modulated radiation therapy (IMRT). However, each
treatment with IMRT can take a very long time to deliver. One of the benefits
of using VMAT to deliver radiation is the ability to deliver a treatment in @ much
shorter time than IMRT. Dose heterogeneity was comparable, as was the sparing
of critical organs at risk while delivering a treatment in a much shorter time.
Applications

This study suggests that head and neck radiation treatments previously delivered
with IMRT can be delivered with VMAT, with a clinically insignificant decrease
in conformity, over a much shorter treatment time. The major advantage of
treatment delivery time can have theoretical improvements in patient comfort,
and decreasing the risk of radiation-induced second malignancy.

Peer review

Well written clinical study comparing IMRT and VMAT.
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