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Purpose: To evaluate the dosimetric variations in patients of head and neck cancer treated with de-
finitive or adjuvant radiotherapy using optimized non-coplanar (ncVMAT) beams with coplanar
(cVMAT) beams using volumetric arc therapy.

Materials and Methods: Twenty-two patients of head and neck cancer that had received radiothera-
py using VMAT in our department were retrospectively analyzed. Each of the patients was planned
using coplanar and non-coplanar orientations using an optimized couch angle and fluences. We ana-
lyzed the Conformity Index (Clgre): Dose Homogeneity Index (DHI), Heterogeneity Index (Hlgroq), low
dose volume, target and organs-at-risk coverage in both the plans without changing planning opti-
mization parameters.

Results: The prescription dose ranged from 60 Gy to 70 Gy. Using ncVMAT, Clg;o6, DHI and Hlgrgs, and
tumor coverage (IDyg,,) had improved, low dose spillage volume in the body Vg, was increased and
Vo6, Was reduced. Integral dose and intensity-modulated radiation therapy factor had increased in
ncVMAT. In the case of non-coplanar beam arrangements, maximum dose (D,,,) of right and left hu-
meral head were reduced significantly whereas apex of the right and left lung mean dose were in-
creased.

Conclusion: The use of ncVMAT produced better target coverage and sparing of the shoulder and soft
tissue of the neck as well as the critical organ compared with the cVMAT in patients of head and
neck malignancy.
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Introduction

Head and neck cancers form about 30% of the total malignancies
registered in a year in India. More than 400,000 new cases are di-
agnosed per annum [1,2]. Radiotherapy plays a major role in the
management of this diverse spectrum of malignancies in the defin-
itive, adjuvant and palliative setting. The major proportion of pa-
tients in India present in the advanced stages of the disease which
further cements the position of radiotherapy in the plan of man-
agement. In the radical scheme of treatment of head and cancers,

volumetric-modulated arc therapy (VMAT) was found to provide
similar conformity and better homogeneity and organa-at-risk
(OAR) sparing when compared to intensity-modulated radiation
therapy (IMRT) or three-dimensional conformal radiation therapy
[3-7]. Currently, considering the anatomical complexity, target cov-
erage and OARs sparing, the use of non-coplanar beam arrange-
ments with possible arc gantry geometry showed improvement
over coplanar beam arrangements from various perspectives [8-10].

Owing to the normal anatomy of the human body, irradiation
with coplanar VMAT (cVMAT) is different from non-coplanar VMAT

Copyright© 2020 The Korean Society for Radiation Oncology

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

138

WWW.e-roj.org


http://crossmark.crossref.org/dialog/?doi=10.3857/roj.2020.00143&domain=pdf&date_stamp=2020-06-30

Non-coplanar VMAT plans in head and neck cancer

Radiation Oncology Journal ROJ

(ncVMAT) due to longer photon path length of the coplanar beams
passing through the shoulders and soft tissue of the neck to reach
the target. The goal of radiotherapy is to maximize the dose to the
primary site with adequate margins while minimizing dose to the
nearby structures. Dosimetric comparisons between ncVMAT and
cVMAT treatment plans showed clinically significant dosimetric
improvements through an optimization process that could poten-
tially allow substantial dose escalation, and improved local tumor
control without exceeding critical OARs dose limits decided for the
clinical plans for patients on conventional C-arm linear accelera-
tors [11-13].

With this background, we undertook a retrospective analysis of
the patients of head and neck cancer treated in our center to study
the dosimetric differences between the two commonly employed
planning techniques, namely, coplanar and non-coplanar VMAT
planning.

Materials and Methods

1. Patients

Plans of 22 patients of head and neck cancer that had received ra-
diotherapy using VMAT in our department during 2018-2019 were
retrospectively analyzed. All of them received definitive or adjuvant
radiation therapy with curative intent up to a dose of 70 Gy deliv-
ered based on their clinical-stage, over 6-7 weeks (5 fractions per
week) by a clinical linear accelerator (LINAC) (Elekta Versa HD;
Elekta, Crawley, UK), following the International Commission on
Radiation Units and Measurements (ICRU) recommendations, ei-
ther alone or in combination with concomitant chemotherapy
(chemoradiation).

2. Simulation and contouring

Each patient was positioned supine on a 16-slice computed to-
mography (CT) simulator (Optima 580; GE Healthcare, Waukesha,
WI, USA) using a whole-body board (MacroMedics, Waddinxveen,
The Netherlands) with a thermoplastic mask covering the head and
shoulders and helical scans of 2.5 mm slice thickness were acquired
from vertex to carina while the patient was breathing freely. The
contours were done in the Monaco SIM (V5.11.02; Elekta CMS,
Sunnyvale, CA, USA) contouring workstation.

Following the ICRU guidelines, the planning target volumes (PTV)
of each of the patients included the primary with the lower limit of
PTV including level IVA. The target volume delineation was done
according to standard institutional protocol. The gross tumor vol-
ume to clinical target volume (CTV) was expanded by 1 cm in the
low risk (CTV-low) along with the areas that are at low risk for the
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subclinical spread and by 0.5 cm along with the areas at high risk
for the subclinical spread in high risk (CTV-high). The CTV to PTV
expansion was 0.3 cm in all the cases. The OARs analyzed were bi-
lateral humeral heads, bilateral lung apices, bilateral brachial plex-
uses, bilateral parotid glands, brainstem, and spinal cord. All the
organs were contoured according to the Radiation Therapy Oncolo-
gy Group (RTOG) atlas for normal tissue contouring [14]. The lung
apices were contoured to a level that is 4 cm beyond the lowest
level of PTV for uniformity among patients.

3. Dose prescription

Eleven patients were treated using the standard simultaneous inte-
grated boost (SIB) technique. In this population, patients were pre-
scribed up to a total dose of 70 Gy to the PTV-high risk and 54 Gy
to the PTV-low risk with a maximum of 35 fractions.

Another set of 11 patients were treated using sequential (Phase |
and Phase ll) technique, in which the patients were prescribed up
to 70 Gy in 35 fractions at 2 Gy per fraction.

In the sequential technique, all the patients were planned with
both coplanar and non-coplanar beam arrangements in Phase | with
dose ranging from 46 Gy to 60 Gy and the remaining dose was deliv-
ered in the next phase. In Phase I, PTV was located most of the time
above the shoulder and the application of non-coplanar beams was
not taken as a consideration. For this reason, we had taken only the
sequential based Phase | and the dosimetric comparison had been
reported between cVMAT and ncVMAT plans. Patient characteristics
and dose prescriptions are described in Table 1.

4. Radiotherapy planning and dosimetry

All patients were planned using volumetric arc therapy treatment
plans designed on Monaco (V5.11.02, Elekta CMS) treatment plan-
ning system with 6 MV flat photon beam which has maximum
dose rate of 600 cGy/min at D,,,. Each of the patients was planned
using coplanar and non-coplanar orientations using an optimized
couch angle and fluences. Both the cVMAT and ncVMAT plans were
qualitatively evaluated for each patient and the dosimetric data
was taken from the dose-volume histogram (DVH) data which rep-
resents the whole dose-volume information in a two-dimensional
single curve.

Each of the non-coplanar beam angles in our approach was as-
sociated with achievable gantry-couch-patient clearance. Non-co-
planar plans were generated using two non-coplanar beam ar-
rangements with double arc VMAT in which, the gantry angles
were chosen from 0° to +180° with 350° couch angle for the first
beam arrangement in the clockwise direction and 0° to -180° with
10° couch angle in the counterclockwise direction for the second
beam arrangement with an increment of 20°. For ncVMAT, we had
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Table 1. Patients characteristics

Dose fractionation

Patient# Age (yr) Sex Primary Stage Intent PTV-high FTV-low Phase | —

SIB 1 50 M Tongue VB Adjuvant 70 Gy in 35fx 54 Gy in 35 fx - -

2 43 M Hypo-pharynx VA Definitive 70 Gy in 35 fx 54 Gy in 35 fx - -

3 57 M Cheek VB Adjuvant 70 Gy in 35fx 54 Gy in 35 fx - -

4 51 M Base of tongue |l Definitive 70 Gy in 33 fx 54 Gy in 33 fx - -

5 73 M Base of tongue  IVA Definitive 66 Gy in 33 fx 54 Gy in 33 fx - -

6 73 F Baseof tongue VA Definitive 66 Gy in 33 fx 54 Gy in 33 fx - -

7 51 M Base of tongue VA Definitive 66 Gy in 33 fx 54 Gy in 33 fx - -

8 61 F Tongue M Adjuvant 66 Gy in 30 fx 54 Gy in 30 fx - -

9 71 M Hypo-pharynx Il Definitive 66 Gy in 30 fx 54 Gy in 30 fx - -

10 75 F Base of tongue I Definitive 66 Gy in 30 fx 54 Gy in 30 fx - -

" 63 M Tongue IVA Adjuvant 60 Gy in 30 fx 54 Gy in 30 fx - -
Sequential 12 55 M Soft palate IVA Adjuvant - - 54 Gyin27fx 12 Gyin6fx

13 76 M Tongue IVA Adjuvant - - 54 Gyin27fx 12 Gyin6fx

14 59 M Oropharynx IVA Adjuvant - - 54 Gyin27fx 16 Gyin 8 fx

15 42 F Base of tongue Il Definitive - - 50Gyin25fx 16 Gyin 8 fx

16 31 M Tongue IVA Adjuvant - - 46Gyin23fx 14 Gyin7fx

17 43 F Base of tongue  IVA Definitive - - 46Gyin23fx 14 Gyin7fx

18 33 M Cheek VB Adjuvant - - 54 Gyin27fx 16 Gyin 8fx

19 24 F Nasopharynx IVA Definitive - - 60 Gyin30fx 10Gyin5fx

20 46 M Cheek VB Adjuvant - - 54 Gyin27fx 16 Gyin 8fx

21 62 F Upperalveolus I Adjuvant - - 54 Gyin27fx 16 Gyin8fx

22 49 M Tonsil Il Definitive - - 54 Gyin27fx 16 Gyin8fx

PTV, planning target volume; SIB, simultaneous integrated boost.

used partial arcs with a value of +10° couch angle to avoid the
shoulder region. The maximum number of control points per arc
was selected as 180 to allow sufficient modulation and acceptable
duration of the optimization with a minimum segment width of 1
cm. The collimator angle was selected typically according to beam
alignment to avoid tongue-and-groove effects and to cover the
entire PTV region.

Similarly, coplanar plans were generated using single beam ar-
rangement with double arc VMAT in which the gantry was chosen
from +180° to -180° with 0° couch angle and 0° collimator angle
in a counterclockwise direction or clockwise direction with a same
increment angle 20°. All the other planning parameters were as
same as ncVMAT plans. The typical beam arrangements for an ex-
ample case is illustrated in Fig. 1.

The optimization technique used in VMAT is segment shape opti-
mization (SSO) where the target dose rate will be auto-selected by
the system itself. Similar to the sliding window technique, VMAT
follows sweep sequencer and create segments and optimizes to
achieve the desired dose distribution to target and OARs. The PTVs
were reduced to T mm below the skin surface. Treatment plans
were optimized with the same dose constraints for OAR. For PTV
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coverage, described by the ICRU Report 83, 95% of PTV volume
should receive 95% of the prescribed dose.

All the VMAT plans were created and calculated using the Monte
Carlo (v1.6) dose calculation algorithm based on cost functions
(achieving a dose distribution to the given value) with a grid size of
0.3 cm and 2% calculation uncertainty based on the beam data of
our LINAC equipped with 160 leaves Agility MLC of 5 mm leaf
thickness.

The Conformity Index (Clgog) [15-17], isodose line covering 95%
of the volume within PTV (IDys,,), Dose Homogeneity Index (DHI)
[15-17], Homogeneity Index (Hlgqog) [15-17], conformity number
(CN) [15-18], low dose volume and OAR coverage in both the plans
were analyzed. Total monitor units (MU) per fraction, IMRT ratio,
i.e., total MU per cGy prescription dose [19-23], and the integral
dose to patients [24,25] were noted and compared. The dose cover-
ing a percentage of the structure's volume (D,,) and the volume of
the structure receiving a certain dose (V;, or V;) were used for do-
simetric evaluation and planning purposes. For low dose volume,
Vsey Viesy Vaosy and Vo, were analyzed and compared. The OAR
specific variables assessed were D, and D, for the humeral
heads, D,,, and D, for the brachial plexuses, D,.,, for the lung
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Fig. 1. The typical beam arrangements of coplanar VMAT plan (A) and non-coplanar VMAT plan (B) for an example case with a dose color wash.
The typical dose distribution of both the beam arrangements in coronal planes for three example cases with a color-wash display ranging from
5 Gy to 70 Gy where (C), (E), and (G) are the three coronal planes for coplanar beam arrangements and (D), (F), and (H) are the same three coro-
nal planes for non-coplanar beam arrangements, respectively.

apices, Dyyean @and Degy, for the parotids and D, for both the spinal
cord and brainstem.

5. Statistical analysis
Statistical comparison of planning parameters, dose to the OARs

and low dose volumes between cVMAT and ncVMAT plans were
performed using SPSS, a data analysis software. As all the variables
are quantitative, each of them is denoted by their respective means
with standard deviation or with their ranges and analyzed statisti-
cally using the Wilcoxon matched paired signed-rank test. Evalua-
tion of the level of significance of the observed difference between
the dose-volume metrics had been performed and p < 0.05 was

considered as statistically significant.

Results

Of the 22 patients with a median age of 53 years analyzed, 11 pa-
tients were treated with adjuvant intent and 11 with definitive in-
tent, details regarding the prescription dose and stage are tabulat-
ed in Table 1. In Tables 2 and 3, the DVH parameters for the PTV
and OARs are mentioned with both the types of beam arrange-
ments in VMAT plans for all the cases.

For the single PTV in phase-| planned with sequential technique,
there was no significant difference in the values of Clgog, CN, 1Dgg,
DHI, and Hlgog. On the contrary, significant differences were found
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in the SIB technique. In the PTV-high risk, the average values for
the Clgroer CN, IDg,, and DHI were reduced by 4.2%, 2.4%, 2.3%,
and 2.2%, respectively, but Hlgg was increased by 1.7% in cVMAT.
Similarly in the PTV-low risk, the average values for the Clg;og, [Dgsosr
and DHI were reduced by 2.1%, 2.4% and 2.4% and Hlgs Was in-
creased by 2.2% in ¢VMAT. The monitor units utilized in the plans
were significantly higher in the non-coplanar sequential plans but
the same could not achieve statistical significance in the SIB tech-
nique. Treatment delivery time was significantly longer for non-co-
planar plans in both sequential and SIB modalities. For all the cas-
es, the average value of the IMRT ratio in the cVMAT plans was
significantly reduced by 5.4%.

Upon analysis of DVH parameters of the OARs achieved, it was
noted that the D,,, of the bilateral humeral head, D,,, of right bra-
chial plexus, and Dgy, of the left parotid were significantly higher
in the cVMAT plans. At the same time, D,.,, of the bilateral lung
apices was significantly lower in the cVMAT plans. For the right
humeral head, the average value of D,,,, was increased by 50.7% in
the sequential plans and 48.3% in the SIB plan, respectively. Simi-
larly, for the left humeral head, the average value of D,,, was in-
creased by 42.2% in the sequential plans and 21.1% in the SIB
plan, respectively. In the right brachial plexus, the average value of
D
SIB plan, respectively. In the left parotid, the average value of Dy,

was increased by 1.1% in the sequential plans and 1.2% in the

max

was increased by 2% in the sequential plans and 5.7% in the SIB
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Table 2. Summary of the quantitative analysis of DVH of the target volumes for the two techniques

Sequential SIB
PTV in phase-| PTV-high PTV-low

ncVMAT cVMAT p-value ncVMAT cVMAT  p-value ncVMAT cVMAT p-value
CIRTOG 095+ 002 093 +£002 0.159 096 + 0.02 092 + 0.05 0.007* 0.97 = 0.02 0.95 = 0.02 0.007*
CN 075+ 003 075+ 004 0435 0.83 £ 0.06 0.81 £ 0.06 0.031* 0.36 = 0.15 0.36 = 0.15 0.317
[Dygs0, 942 £ 099 9366+ 129 0.125 9540 = 1.12 93.23 £ 1.94 0.006* 97.65 + 201 9530 * 1.91 0.003"
DHI 0.91 £ 0.01 090 + 001 0.020* 092 + 001 0.90 + 0.02 0.005" 0.84 = 0.04 082 £ 004 0017
Hlzrog 1.18 + 0.02 1.19 £ 0.03 0.1 1.16 £ 0.02 1.18 + 0.03 0.028" 1.34 + 0.08 1.37 + 0.08 0.007*
MU 900.02 + 94.31 860.67 £ 76.51 0.003* - - - 921.12+ 128.83 860.55+ 86.71 0.110
Delivery time (min) 1.5 +2.23 10.69 £ 2.33 0.042* - - - 12+ 212 11.28+ 2.04 0.043*
IMRT ratio (overall) 448 + 0.55 424 + 043 0.004*

Values are presented as mean + standard deviation.

DVH, dose-volume histograms; PVT, planning target volume; ncVMAT, non-coplanar volumetric-modulated arc therapy; cVMAT, coplanar VMAT; Clgog
Conformity Index (according to RTOG); CN, conformity number; 1Dy, isodose line covering 95% volume of the target; DHI, Dose Homogeneity Index;
Hlgros Homogeneity Index (according to RTOG); SIB, simultaneous integrated boost; MU, monitor unit; IMRT, intensity-modulated radiation therapy.
*p < 0.05.

Table 3. Summary of the quantitative analysis of DVH of the organs-at-risk and low dose volumes in the patients for the two techniques

Parameter Sequential SIB
ncVMAT cVMAT p-value ncVMAT cVMAT p-value
Rt. Humeral head D, (Gy) 291 + 0.88 3.62 + 212 0374 596 + 3.77 7.79 + 4.59 0.182
Dynax (GY) 434 + 157 6.54 + 3.03 0.008* 9.07 £ 574 13.45 + 558 0.007*
Lt. Humeral head D150, (Gy) 397 + 1.18 4.30 = 1.50 0.534 571 + 2.32 6.57 + 4.14 0.374
D,ax (Gy) 574 £ 1.53 8.16 = 2.66 0.050" 899 * 4.70 10.89 + 5.24 0.050"
Lt. Brachial plexus D, (Gy) 56.15 + 4.40 56.42 + 4.09 0.374 64.22 + 495 64.74 + 4.81 0.328
Dy, (Gy) 53.75 + 427 53.85 + 4.24 0.45 59.95 + 4.31 60.31 + 4.37 0.328
Rt. Brachial plexus D, (Gy) 55.76 + 4.05 56.37 £4.25 0.045" 63.15 + 4.45 63.89 = 4.1 0.041*
D5% (Gy) 53.56 + 4.08 53.99 + 4.36 0.059 59.72 + 4.23 59.94 + 4.06 0.594
Lt. Lung apex Dinean (GY) 17.04 + 3.69 15.13 = 4.14 0.003* 18.24 + 3.99 16.88 + 3.56 0.040*
Rt. Lung apex Dynean (GY) 16.14 + 3.16 15.14 + 3.67 0.004* 18.68 + 3.90 17.02 £ 3.70 0.005*
Spinal cord Dynax (GY) 35.03 + 2.58 35.05 + 292 0.374 40.53 + 1.78 40.45 + 1.54 0.657
Brainstem D,ax (Gy) 34.06 = 5.69 3394 + 413 0.534 40.43 £ 5.72 39.29 £ 6.42 0.445
Lt. Parotid Dynean (GY) 21.59 + 3.64 21.85 + 3.50 0.092 2798 + 7.37 2839 + 8.02 0.534
Do (GY) 15.80 + 5.77 16.11 + 540 0.002* 2245 + 10.74 2374 + 1159 0004
Rt. Parotid Dyyean (GY) 2140 + 2.39 21.76 + 2.67 0.241 31.71 £ 9.01 31.52 £ 9.01 0.929
Dege (Gy) 14.12 = 2.09 14.68 + 2.92 0.203 28.83 £ 16.16 2896 + 15.59 1.000
Integral dose (Gy.L) 113.51 £ 15.78 10.77 £ 14.52 0.004* 129.13 + 21.02 126.35 + 21.20 0.004*

Low dose volume VSGY (mL) 3,751.52 + 359.40 3,647.82 + 37582  0.033" 4,104.14 + 692.25 3,963.03 + 73243  0.010
Vioey (mL) 2,909.34 + 29748 294397 + 288.88  0.043* 3,133.32 + 568.04 3,217.23 £ 59592  0.040"

ZOGy( ml) 2,181.05 £ 300.21  2,176.84 + 288.75  0.424 2,304.10 £ 417.52  2,298.86 + 40426  0.929

Vaoey (mL) 1,584.82 + 25035 1,578.64 + 250.32  1.000 1,704.40 = 327.61 1,717.65 £+ 32645  0.286

Values are presented as mean + standard deviation.

DVH, dose-volume histograms; SIB, simultaneous integrated boost; ncVMAT, non-coplanar volumetric-modulated arc therapy; cVMAT, coplanar
VMAT; Dy, the dose covering a percentage of the structure’s volume; D, and Dy, the maximum point dose and mean dose for a volume; Vg, the
volume of the structure receiving a certain dose.

*p < 0.05.

max mean?
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Fig. 2. Summary of the average values of volume encompassed by the low doses in the healthy body tissues for all the cases: (A) non-coplanar
VMAT (ncVMAT) and coplanar VMAT (cVMAT) treatment plans for sequential based Phase | and (B) ncVMAT and cVMAT treatment plans for SIB
technique. VMAT, volumetric-modulated arc therapy; SIB, simultaneous integrated boost.

plan, respectively. On the contrary, for left lung apex, the average
value of D,,,, was simultaneously reduced by 11.2% in the sequen-
tial plans and 7.5% in the SIB plan, respectively. Similarly, for the
right lung apex, the average value of D,,,, was simultaneously re-
duced by 6.2% in the sequential plans and 8.9% in the SIB plan,
respectively. The rest of the dose parameters of the OARs assessed
failed to show a statistically significant difference between the two
types of plans. Fig. 1 depicts the typical dose distribution of both
the beam arrangements in coronal planes for three example cases
with a color-wash display ranging from 5 Gy to 70 Gy. The analysis
of the volume of the healthy tissue of body receiving low doses of
the tune of 5 Gy, 10 Gy, 20 Gy, and 30 Gy revealed that there was a
statistically significant increase in Vg, by 2.8% in sequential and
3.4% in SIB techniques when planned on ncVMAT. Conversely, it
showed a significant decrease in V,, by 1.2% in sequential and
2.7% in SIB techniques when planned on ncVMAT. The difference
was not significant for higher doses like V,5, and Vyyg,. In Fig. 2, the
summary of the average values of volume encompassed by the low
doses in the healthy body tissues for all the cases was depicted
clearly. From the DVH metrics of all the cases, the average value of
integral doses significantly reduced by 2.4% in sequential and 2.2%
in SIB techniques when planned by cVMAT.

From the quantitative analysis of Fig. 3, it was noted the dose
fall-off beyond the target region was similar for all the datasets. In
our study, the decrease in the average value of total volume (V) en-
compassed was following a logarithmic pattern for the increase in
dose (D) value. For evaluation of the rate of dose fall-off beyond
PTV, we have taken In(1/V) vs. In(D). From Fig. 4, it is represented
that In(1/V) vs. In(D) was following a straight line for all the differ-
ent datasets. The gradient or slope was calculated from the graphs
and the value of the gradient were 0.4647 and 0.4540 for ncVMAT
and cVMAT (reduced by 2.3%) in the sequential techniques and
0.4778 and 0.4606 for ncVMAT and cVMAT (reduced by 3.6%) in

https://doi.org/10.3857/r0}.2020.00143

4,500
Low dose fall-off
4,000
y=-a In (x)+b —— Seq. ncVMAT
’TET 3,500 —— Seq. cVMAT
g 3,000 —— SIB ncVMAT
=2 SIB cVMAT
S 2,500
2,000
1,500
5 10 15 20 25 30

Dose (Gy)

Fig. 3. The dose fall-off beyond the target region for all the cases
planned with both the sequential and SIB technique for coplanar
(cVMAT) and non-coplanar (ncVMAT) plans. Here, the y-axis rep-
resents the volume encompassed in cc and the x-axis represents the
dose in Gy. For all the cases, in our study, the pattern of dose fall-off
is best fitted by logarithmic curves with the equation written below
y = -a In(x) + b, where a and b are constant values, respectively.
VMAT, volumetric-modulated arc therapy; SIB, simultaneous inte-
grated boost.

SIB techniques, respectively.

Discussion and Conclusion

Current treatment modalities introduced new radiotherapy tech-
niques which improved the quality of treatment. IMRT is a widely
used technique for head and neck cancers delivering a non-uniform
dose from multiple angles to create a very conformal dose to tar-
gets with minimal complication to surrounding OARs [26,27]. In
arc-based IMRT (VMAT), the intensity is modulated generating dose
fluences throughout the gantry rotation with the aid of variable
speed of gantry, MLC movements and dose rate with shorter deliv-
ery time than IMRT.
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Fig. 4. The rate of dose fall-off beyond the target region by plotting In(1/V) vs. In(D) in the x and y axes, respectively, for all the cases planned
with sequential ncVMAT (A), SIB ncVMAT (B), sequential cVMAT (C), and SIB ¢VMAT (D). cVMAT, coplanar volumetric-modulated arc therapy;

ncVMAT, non-coplanar VMAT; SIB, simultaneous integrated boost.

In our study, the dosimetric advantage in the treatment of head
and neck cancer patients was investigated and the robustness in
the planning techniques was assessed by comparing ncVMAT and
c¢VMAT in photon therapy. We found that the ncVMAT plan is more
robust than the cVMAT plan for both target and normal tissues
with increasing target coverage and conformity. Some studies indi-
cate that coplanar beam arrangements in VMAT generate sub-op-
timal plans [28,29]. Non-coplanar arrangements of the beam with
acceptable degrees of freedom generate better plans especially
with regards to the OARs compared to coplanar beam arrange-
ments. The improvement in the OAR dose parameters was observed
with ncVMAT compared to cVMAT with other studies [30,31].

The delivery efficiency was assessed by choosing dose constraints
to OARs and optimization parameters for both types of treatment
plans [32]. In the daily treatment scenario for 6-7 weeks, the treat-
ment delivery time is longer for ncVMAT. The benefit in coplanar
beam arrangements is that gantry rotates in a smooth trajectory
reducing overall treatment time and collision-free degrees of free-
dom. Furthermore, the range of MUs was larger and so was the
IMRT ratio in the ncVMAT than cVMAT because of the complexity
of beam optimization creating multiple apertures or segments of
small field throughout different couch, collimator and gantry an-
gles [33].

In our study, the same optimization parameter, i.e., number of
arcs, gantry start and end angles, couch and collimator angles,
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number of control points per arc and minimum segment width
were used in both of the sequential and SIB techniques for both
types of the treatment plan. Therefore in the PTV for phase-| se-
quential technique, there was a non-significant change in the val-
ues of Clgog CN, IDgsy,, DHI, and Hlgpoq because of extra degrees of
freedom which gives the optimizer additional space to reduce the
dose to the OAR without reducing the dose to the target region for
a comparably less prescription dose than SIB technique. On the
other hand, in the SIB technique, all the dosimetric parameters for
evaluation of target except CN in PTV-low showed significantly
better results for ncVMAT.

Concerning OARs, for parotid glands, significant sparing was ob-
served on Dgy, of the left parotid. The achievable dose in the parot-
id glands depends on the involvement in the PTV. The achieved
Dyean Of the parotid glands was >26 Gy in our study as in certain
other studies for the SIB plans [34,35]. For the spinal cord and
brainstem, the achieved dose for D,,,, was <45 Gy and <54 Gy for
all the planning techniques and a non-significant dose reduction
was observed in the ncVMAT comparably from cVMAT. In brachial
plexus, D,,,. should be <66 Gy for head and neck cases in terms of
plexopathy. In our study, dose constraints for bilateral brachial
plexuses were achieved. A significant dose reduction was observed
on D,,, for the right brachial plexus [36-38].

A significant dose reduction was observed for bilateral lung api-
ces in the cVMAT plans. The reason behind the increase in dose in
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bilateral lung apices is the exiting path which was directly through
the lung apex regions. D, for bilateral lung apices was reduced
by nearly 2 Gy based on the overall prescription dose in the copla-
nar beam arrangements.

[rradiation of tumors in the head and neck cancer patients is
technically challenging especially in the patients with a short neck
or high shoulders. Considering patient comfort, we had fixed the
patient position by applying a mask. Higher stage head neck cases
required comprehensive irradiation of the neck region extending
inferiorly to the level of the lung apices. Owing to the body struc-
ture, if we planned with coplanar beam arrangements, dose to the
healthy tissue of the shoulder region would be higher than non-co-
planar beam arrangements because of the photon path length to
the PTV, i.e,, photon beams had to pass through the shoulders and
soft tissue of neck region [39]. For this reason, we evaluated the
dose for bilateral humeral heads. A significant dose reduction was
noted for D,,, of bilateral humeral heads in non-coplanar beam ar-
rangements.

The use of non-coplanar beam arrangements resulted in a
broader dose bath because of quantitatively more irradiated vol-
ume in the healthy tissue. For that reason, the clinical relevance of
the dose bath has to be considered carefully. A significant increase
in integral dose in the patient body was observed although the dif-
ference was very less. When evaluating the lower dose volume in
the healthy body tissues we observed that Vs, was increased and
conversely Vo, was reduced in ncVMAT.

Due to the contributions of patient and collimator scatter, the en-
ergy spectrum is softer outside the treatment field than within the
target volume [40,41]. The amount of low dose volume outside the
treatment field is high in VMAT plans due to the distance from the
field edge to the beam entry point through the body surface. The
dose outside the treatment field also depends on the size of the tar-
get, increasing with increasing target volume because larger irradiat-
ed volumes produce more patient scatter in the body [42]. Gradually
decrease in the average volume (V) encompassed by a certain dose
(D) was following a logarithmic pattern for an increase in the dose
[43-46]. As depicted in Fig. 4, the rate of dose fall-off was higher in
the non-coplanar beam arrangement than coplanar because of the
high number of degrees of freedom available in the optimization
process restricting the dose to the nearby OARs and healthy soft tis-
sues of the patient body. The amount of intensity modulation was
higher in the non-coplanar beam arrangements because the optimi-
zation was done with different beam angles according to the couch
position with gantry-collimator adjustment [47].

In conclusion, VMAT plans with non-coplanar beam arrange-
ments showed significant dosimetric advantages both on target
coverage and OAR sparing compared with coplanar beam arrange-
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ments in the treatment of head and neck malignancy. However,
there was a significant increase in MU, total delivery time, uncer-
tainty in proper patient positioning, integral dose to the patient
body, and dose to the bilateral lung apices in the ncVMAT plans.
Conversely, there was a significant improvement in plan robustness,
target conformity, low dose to the healthy tissues of shoulders and
neck region, and both bilateral brachial plexus and humeral heads.
One of the late toxicity in head and neck patients with contribution
from both, surgery of neck as well as intermediate to low dose
deposition by radiation therapy in neck and shoulders, results in fi-
brosis and reduced range of motion of shoulder joint and neck. The
dose reduction to the shoulder joint and lower neck region by
ncVMAT may translate in lesser late fibrosis of the same and maybe
further studied clinically. The minimally increased dose deposition
in ncVMAT to lung apices may not contribute to any increased pul-
monary toxicity and may also be clinically confirmed at the same
time.
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