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Treatment of malignant pleural 
mesothelioma (MPM) has his-
torically presented a treatment 

challenge due to the aggressive nature 
of the tumor, the size and complexity of 
the target volume and its proximity to 
critical organs. Two types of surgery are 
performed for mesothelioma: extrapleu-
ral pneumonectomy (EPP) and pleurec-
tomy/decortication (P/D). EPP involves 
an en bloc resection of the entire pleura, 
lung, diaphragm and ipsilateral, half of 
the pericardium, and is a high-risk sur-
gery for patients with this disease. P/D is 
a lung-sparing surgery that involves the 
removal of gross tumor along with the 
visceral pleura, parietal pleura, pericar-
dium and/or hemidiaphragm if needed 
for macroscopic complete resection, but 
spares the underlying ipsilateral lung. 

Studies have shown that P/D is a less 
morbid procedure compared to EPP, 
suggesting a survival benefit and, thus, 
is becoming increasingly used for these 
patients.1,2 Surgery alone, however, 
does not offer adequate long-term local 
control or survival rates. Multimodal-
ity therapy that combines surgery, che-
motherapy and radiation therapy has 
shown favorable clinical outcomes both 
for patients who have received EPP3 or 
P/D4 as part of their surgical manage-
ment. Adjuvant radiation therapy with 
conventional techniques has been given 
through anterior and posterior fields 
that encompass the entire hemithorax.5,6 
Since the ipsilateral lung remains in 
situ after P/D, traditionally these tech-
niques have attempted to spare the lung 
by adding a block on the central part of 
the lung.6 Anterior and posterior parts 
of the chest wall underneath the lung are 
boosted with an electron field. However, 
this technique has resulted in disappoint-
ing local control, survival rates and high 
levels of toxicity.5 Since conventional 
radiation techniques in these patients 
have been unable to provide adequate 
local control without compromising tox-

icity, we must examine advanced radia-
tion planning and delivery techniques. 
Intensity-modulated radiation therapy 
(IMRT), a highly conformal radiation 
delivery technique, has been shown to 
effectively spare normal tissues while 
enabling the delivery of higher radiation 
doses to the tumor, potentially providing 
safer and less toxic treatments compared 
to conventional techniques.7 Initial expe-
rience with pleural IMRT in 36 patients 
with 2 intact lungs has shown the safety 
and feasibility of this technique.8 The 
risk of grade ≥ 3 pneumonitis was 20%, 
an acceptable result given the high risk 
of this patient population. An expanded 
analysis published using this technique 
in 67 patients with definitive or adju-
vant hemithoracic pleural IMRT showed 
a median survival of 2 years from the 
time of diagnosis, with a 1- and 2-year 
overall survival (OS) rate of 85% and 
50%, respectively.9 A recent 2-center 
phase II trial in which 27 of 45 patients 
completed hemithoracic IMRT follow-
ing chemotherapy and surgery reported 
that 8 of these patients (30%) experi-
enced either grade 2 (n = 6) or grade 3 (n 
= 2) RP with no grade 4 or 5, and 1 and 
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2 year OS of 80% and 59% for resect-
able, and 74% and 25% for unresect-
able patients.11 Tomotherapy has also 
been used for pleural IMRT with results 
showing encouraging survival and ac-
ceptable toxicity rates19,20 with reports 
showing a correlation between the total 
lung V20 Gy, V30 Gy and mean dose 
with the incidence of grade ≥ 2 pneumo-
nitis. Of the 69 patients, 6 experienced 
grade 2 pneumonitis and 7 experienced 
grade 3 pneumonitis. Radiation ther-
apy delivery using multiple static-field 
IMRT for MPM is complex and time-
consuming.7-11 Moreover, since the 
treatment fields are large, the planning 
process often requires splitting the fields, 
increasing treatment fields twofold, and 
requiring higher monitor units (MU). 
Longer treatment times can cause pa-
tient discomfort and movement during 

treatment and, as a result, potential inac-
curacies in the delivered dose. Volumet-
ric-modulated arc therapy (VMAT) is a 
technique that has been investigated and 
clinically applied for all disease sites in-
cluding head and neck, thorax, abdomen 
and pelvis.12 Compared to static-field 
IMRT, VMAT has been shown to reduce 
treatment time and MU, making it an at-
tractive RT delivery technique. Dosimet-
ric comparison of IMRT vs. VMAT has 
been performed for MPM patients with 
2 intact lungs,13,14 showing that VMAT 
produced more homogeneous and con-
formal dose distributions compared with 
IMRT, as well as significantly reduced 
dose to most organs at risk (OARs) with-
out compromising target coverage. 

In this article, we assess IMRT vs. 
VMAT delivery techniques with re-
spect to their dosimetric capabilities, 

MU and treatment delivery time. We 
also discuss planning details and the im-
pact of the beam angular arrangement 
on IMRT planning, as well as arc range 
and number of arcs on the dosimetric 
plan quality with VMAT. Using exam-
ples of 10 left-sided and 10 right-sided 
cases, we compare the IMRT vs. the 
VMAT delivery technique. All plans 
in this study were designed for deliv-
ery on a Varian linac using the Eclipse 
treatment planning system V 11 (Varian 
Medical Systems, Palo Alto, Califor-
nia). Statistical testing was done using 
the Wilcoxon matched-pair sign rank 
test to compare the significance of dosi-
metric difference noted between IMRT 
vs. VMAT. The threshold for statistical 
significance was p ≤ 0.05.

Patient simulation, volume 
delineation, dose constraints and 
planning strategy

Patients were immobilized in a supine 
position with their arms raised in a cus-
tomized mold prior to acquiring the CT 
scan. All patients received a planning CT 
scan typically at 3 mm slice spacing. A 
4-dimensional (4D) CT scan was also 
acquired at the time of simulation to ac-
count for respiratory motion. PET-CT 
scans were performed at the time of sim-
ulation and registered to the treatment 
planning CT scan to further delineate the 
target and to include areas of increased 
FDG (fluorodeoxyglucose) uptake. An 
initial PTV was defined as a rind, which 
surrounded the lung/chest wall interface 
of the entire hemithorax. The superior 
limit of the PTV was the thoracic inlet 
at the top of the T1 vertebral body and 
the inferior limit at the bottom of the 
L2 vertebral body, including the entire 
diaphragm and involved lymph node 
stations. Laterally, the PTV included 
the parietal pleura along the ribs and 
medially the mediastinal pleura and the 
ipsilateral hilum. Visible gross disease 
based on this CT scan was also included 
as a part of this PTV with a margin of ap-
proximately 8 mm, and the typical width 

Table 1. Summary of Dosimetric Criteria 

	 Structure	 Parameter	 Objective
	 PTV	 D95 (%)	 94%*
	 	 V95 (%)	 ≥94%*
	 	 D05 (%)	 ≤120%*
		
	 Total Lung	 Mean dose	 ≤ 20 Gy*
	 	 V20 Gy	  ≤ 37% -40% 

	 Contralateral Lung	 Mean dose	 ≤ 8 Gy*
	 	 V20 Gy	 ≤ 7%*
	 	 V5 Gy	 < 25% 
		
	 Cord	 max	 ≤ 50 Gy*
	
	 Heart	 Mean (Gy)	 ≤ 30 Gy*
	 	 V30 Gy	 ≤ 50%*
		
	 Ipsilateral Kidney	 V18 Gy	 ≤ 33% (≤50%*)

	 Liver	 Mean (Gy)	 ≤ 30 Gy (≤31Gy*)
	 	 V30 Gy	 ≤ 50%*
		
	 Stomach not PTV	 Mean (Gy)	 ≤ 30 Gy*
		
	 Esophagus	 Mean (Gy)	 ≤ 34 Gy*
			 
	 Bowel	  D0.5%	 ≤ 50 Gy*

*signifies constraints used as limiting constraints, while the others are used as guidelines
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of the PTV rind was 14-16 mm.8 OARs 
contoured were the ipsilateral lung, con-
tralateral lung, total lung (the union of 
both the ipsilateral and the contralateral 
lung), heart, kidneys, liver, stomach, 
esophagus, bowel and spinal cord. Table 
1 summarizes the dose constraints used 
clinically for the cohorts described in ref-
erence 8 (initial experience with pleural 
IMRT) and 9 (analysis of our patterns 
of failure and overall survival) and 11 
(phase II study on pleural IMRT). Con-
straints for total lung, contralateral lung 
and heart are similar to those used dur-
ing planning non-small cell lung can-
cer (NSCLC) cases with conventional 
fractionation, while constraints for the 
kidney, liver, stomach, esophagus and 
bowel are similar to those used during 
planning abdominal tumors with con-
ventional fractionation. Dose constraints 
were classified as limits or as guidelines. 
While guidelines could be violated at the 
discretion of the treating physician, lim-
iting constraints cannot be violated. Our 
clinical planning strategy was to plan to a 

prescription dose of 50.4 Gy while meet-
ing target coverage (PTV D95 and V95), 
hotspots (PTV D05) and OAR con-
straints with priority given to meeting 
the limiting dose constraints. Guidelines 
could be achieved as best as reasonably 
possible without compromising any of 
the former criteria. If limiting dose con-
straints could not be met at 50.4 Gy, the 
case was discussed with the physician 
and the prescription dose was reduced 
by 1 fraction. The case was then re-op-
timized to see if these constraints were 
met. This process was repeated until the 
limiting constraints were met and the 
prescription dose was determined for the 
given case.

IMRT
The IMRT planning involves arrang-

ing 9 coplanar 6 MV photon beams ap-
proximately equispaced over an angular 
range between 200° to approximately 
240°. We define a “lung limit (LL)” 
range, the angular limits of which are 
defined by the most medial anterior and 

posterior edges of the contralateral lung 
as shown in Figure 1. This range can 
vary from 240° to 300° depending on 
the patient’s anatomy. The 200° range 
includes the ipsilateral hemithorax and 
extension anteriorly and posteriorly 
by 10° into the contralateral side. For 
each case in this study, IMRT plans 
were performed using 9 static fields 
uniformly distributed within the 200° 
range and then within the LL range. A 
dosimetric comparison of IMRT plans 
within these 2 ranges was then per-
formed. The isocenter was placed in 
the middle of the ipsilateral lung. The 
IMRT plan delivery technique in this 
study was sliding window.8,9 In our 
planning experience, we found that 
we could meet normal tissue dose con-
straints in Table 1 while maintaining 
the PTV D95 at no lower than 94%. To 
form a uniform basis of comparison, 
all plans were normalized such that 
95% of the PTV received at least 94% 
of the prescription dose. The homoge-
neity index and conformity index are 
typically evaluated as D5%– D95%, and 
as the ratio of the volume of the patient 
enclosed by 95% of the prescription iso-
dose to the volume of the PTV receiv-
ing more than 95% of the prescription 
dose,15 respectively. Table 2 shows the 
comparison of IMRT planning with 9 
beams arranged in the LL range vs. the 
200° range for 20 patients. PTV cover-
age and hotspots are essentially the same 
with the 2 types of plans. However, re-
stricting the beam angles to 200° rather 
than the LL reduced the contralateral 
lung V5 Gy on average by almost 25%. 
The dosimetric benefit of restricting the 
beam angle range to 200° is also seen 
for other contralateral structures such as 
the heart for right-sided cases and liver 
for left-sided cases. Therefore, a more 
restricted range of beam directions with 
IMRT is able to adequately cover the tar-
get volume while more efficiently spar-
ing normal tissues, especially reducing 
dose to the contralateral lung. A similar 
trend has been observed with IMRT for 

FIGURE 1. Illustration of the concept of the lung limit. This angular range can vary 240°-300° 
depending on the patient’s anatomy.
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Table 2. Dosimetry for IMRT Plans With 9 Beams Uniformly  
Spread Over a 200° Range vs. Lung Limit (LL) Range

	 Structure	 Parameter	 IMRT_200	 IMRT_LL	 p value
	 PTV	 D95 (%)	 94	 94	 -
	 	 V95 (%)	 94	 94	 -
	 	 D05 (%)	 118.1±2	 118.9±1.9	 0.01
				  
	 Ipsilateral Lung	 V40 (%)	 59.2±15.8	 60.5±15.6	 <0.01
	 	 V30 (%)	 78.3±12.8	 79.2±12.4	 0.02
	 	 V20 (%)	 97.4±4.6	 98.1±4.1	 0.16

	 Contralateral Lung	 V20 (%)	 0.1±0.5	 1.2±1.6	 <0.01
	 	 Mean (Gy)	 5.1±1.1	 6.6±1.3	 <0.01
	 	 V5 (%)	 38.9±16.4	 63.7±22.1	 <0.01
				  
	 Total Lung	 Mean (Gy)	 18.6±1.5	 19.8±1.5	 <0.01
	 	 V20 (%)	 36.4±5.7	 37.3±6.3	 <0.01
				  
	 Cord	 Maximum point dose	 45.2±4.1	 46.7±3.9	 <0.01
				  
	 Heart (left)	 V30 (%)	 35.5±9.5	 36.8±10.2	 0.42
	 Heart (right)	 V30 (%)	 26.2±4.9	 26.7±6.6	 0.85
	 Heart (left)	 Mean (Gy)	 25.2±4.2	 26.3±4.1	 <0.01
	 Heart (right)	 Mean (Gy)	 18.5±2.4	 21.9±2.2	 <0.01
				  
	 Ipsilateral Kidney	 V18 (%)	 19.1±16.4	 22.1±18.9	 0.03
				  
	 Liver (left)	 Mean (Gy)	 7.8±2.6	 12.1±3.9	 <0.01
	 Liver (right)	 Mean (Gy)	 28±3.7	 28.7±3.4	 <0.01
	 Liver (left)	 V30 (%)	 3.2±4.2	 8.9±8	 0.02
	 Liver (right)	 V30 (%)	 43.3±9	 44.2±8.9	 0.38
				  
	 Stomach	 Mean (Gy)	 16.9±8.7	 19.4±7.8	 <0.01
				  
	 Esophagus	 Mean (Gy)	 25.3±6.3	 27.4±5.8	 <0.01
				  
	 Bowel	  D0.5%	 41.4±9.1	 43±8	 0.01

FIGURE 2. Beam’s eye view of the 2 coplanar arcs with overlap to 
cover the large treatment volume.
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MPM cases that underwent EPP as part 
of their surgical management.11

VMAT
For VMAT planning, isocenter place-

ment is the same as for IMRT plans and 
uses 6 MV photon arcs.13 Since the tar-
get volumes are relatively large, and 
due to limitation of the MLC leaf travel 
within a given treatment field for some 
treatment machines, typically a mini-
mum of 2 coplanar arcs are required to 
cover the PTV with asymmetric jaws 

for these types of VMAT plans.14-16 The 
jaw settings of the 2 arcs are such that 
at the maximum dimensional projection 
of the PTV, both arcs together cover 
the PTV with a small overlap (around 2 
cm) as shown in Figure 2. Since all the 
IMRT plans used a collimator angle of 
0°,8 in this study the collimator angle 
for each VMAT plan was also set at 
0°. Plan normalization methods were 
kept the same as IMRT. Choice of the 
arc range in VMAT planning with these 
2 coplanar arcs influences the dosimet-

ric plan quality and thereby the ability 
to meet these dose constraints. Table 3 
shows the comparison of VMAT plan-
ning using 2 coplanar arcs as described 
earlier, arranged in the LL range (same 
as that used in the respective IMRT 
plan) vs. using the full arc (360°) vs. the 
200° range for the same 20 patients. Of 
the 3 arc ranges, the LL provided the 
most homogeneous plan for the same 
PTV coverage. The greatest benefit of 
the LL range was in sparing the contra-
lateral lung V5 Gy, which was reduced 

Table 3. Dosimetry for VMAT Plans Using Lung Limit (LL) vs. 360° and 200°

	 Structure	 Parameter	 2Arcs_LL⁺	 2Arcs_360	 2Arcs_200	 p1*	 p2^
	 PTV	 D95 (%)	 94	 94	 94	 -	 -
	 	 V95 (%)	 94	 94	 94	 -	 -
	 	 D05 (%)	 117.6±2	 119.2±4.3	 147.9±11.2	 0.07	 <0.01
						    
	 Ipsilateral Lung	 V40 (%)	 57.4±18.8	 62±17.6	 85.1±11.2	 <0.01	 <0.01
	 	 V30 (%)	 78.9±13	 81.2±11.6	 96.3±4.1	 0.01	 <0.01
	 	 V20 (%)	 93.8±6.3	 95.3±5.1	 99.9±0.8	 <0.01	 <0.01

	 Contralateral Lung	 V20 (%)	 0.2±0.5	 0.3±0.8	 0.5±1.4	 0.5	 0.25
	 	 Mean (Gy)	 4.7±1.3	 6.1±1.4	 8.1±1.4	 <0.01	 <0.01
	 	 V5 (%)	 32.9±15.7	 57.2±22.4	 88.1±16.5	 <0.01	 <0.01
						    
	 Total Lung	 Mean (Gy)	 18.3±1.7	 19.2±1.7	 25±2.8	 <0.01	 <0.01
	 	 V20 (%)	 35.7±5.7	 37.2±6.9	 39.6±8.3	 <0.01	 <0.01
						    
	 Cord	 Maximum point dose	 45.3±4.7	 46.4±4.4	 47.8±6.1	 0.6	 0.09
						    
	 Heart (left)	 V30 (%)	 35.3±11.4	 34.7±10.6	 41.7±12.4	 0.92	 <0.01
	 Heart (right)	 V30 (%)	 23±4.2	 22±5.5	 23.8±9.1	 0.49	 1
	 Heart (left)	 Mean (Gy)	 24.8±4.6	 24.6±4.6	 28.1±5.3	 0.27	 <0.01
	 Heart (right)	 Mean (Gy)	 18.8±1.7	 19.4±1.9	 19.9±4	 0.23	 0.43
						    
	 Ipsilateral Kidney	 V18 (%)	 13.2±11.8	 17.1±13.7	 46.9±29.2	 <0.01	 <0.01
						    
	 Liver (left)	 Mean (Gy)	 7.9±3.2	 11.2±3.9	 10.5±4.6	 <0.01	 <0.01
	 Liver (right)	 Mean (Gy)	 27±4.5	 27.8±5	 37.7±8.5	 0.23	 <0.01
	 Liver (left)	 V30 (%)	 3.5±5.2	 3.2±4.9	 4±6.7	 0.31	 0.56
	 Liver (right)	 V30 (%)	 42.8±10.8	 43.7±11.2	 65.9±20.6	 0.56	 <0.01
						    
	 Stomach	 Mean (Gy)	 15.7±8.2	 16.8±8.3	 22.7±12.6	 <0.01	 <0.01
						    
	 Esophagus	 Mean (Gy)	 23.6±6.4	 24.0±6.1	 29.9±5.7	 0.18	 <0.01
						    
	 Bowel	  D0.5%	 41.5±8.9	 42.7±8.7	 51.6±14.3	 0.01	 <0.01

*The p1 value indicates the significance between lung limit and 360° arc.   The p2 value indicates the significance between lung limit and 200° arc.
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by almost 25% compared to using full 
arc, and by 55% compared to restricting 
the arc range to 200°. A benefit of using 
the LL range was also seen in reducing 
the mean dose to the total lung. Un-
like IMRT, where restricting the beam 
to 200° better spared the contralateral 

lung compared to LL, with VMAT, 
the opposite trend was observed. Re-
stricting the arcs to within a 200° range 
significantly worsened the dosimetric 
plan quality with respect to PTV ho-
mogeneity and OAR sparing. All other 
critical organs such as the heart, liver, 

ipsilateral kidney, stomach, esophagus 
and bowel were also better spared with 
the LL arc range when using VMAT. 
As shown in Table 4, using 4 arcs vs. 2 
did not produce a tangible improvement 
in the dosimetric plan quality and would 
only increase delivery time.

FIGURE 3. (A) Dose distribution of IMRT on left and VMAT on right for a left-sided case. Prescription dose is 43.2 Gy in 24 fractions. The red-
shaded region is the PTV. The yellow line indicates the prescription dose, while the green line indicates 95% of the prescription dose at 41.04 
Gy. (B) Dose distribution of IMRT on left and VMAT on right for a right-sided case. Prescription dose is 46.8 Gy in 26 fractions. The red-shaded 
region is the PTV. The yellow line indicates the prescription dose, while the green line indicates 95% of the prescription dose at 44.46 Gy.
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FIGURE 4. (A) DVH comparison of PTV for 
IMRT vs. VMAT. (B-K) DVH comparison for 
critical organs for IMRT vs. VMAT.
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Comparison of IMRT vs. VMAT
Table 5 compares the dosimetric re-

sults with IMRT planning with 9 beams 
arranged within the 200° range vs. 
VMAT planning with 2 coplanar arcs 
within the LL range. Isodose distribu-
tions in an axial plane, a sagittal plane 
and a coronal plane comparing the 2 
techniques are shown in Figure 3 for a 
left-sided case and a right-sided case. 

Comparison of the dose volume histo-
grams (DVHs) is shown in Figure 4.

Both delivery techniques can pro-
duce plans with similar coverage, 
hotspots, conformity and homogene-
ity, and are able to meet all the limiting 
dose constraints of Table 1. The mean 
total lung dose and V20 Gy are similar 
among the 2 delivery techniques al-
though are slightly lower with VMAT. 

Sparing of the contralateral lung with 
respect to the low dose, ie, V5 Gy, is 
significantly better with VMAT. Al-
though sparing other critical organs 
such as the heart, liver, stomach, bowel, 
cord, esophagus and ipsilateral kid-
ney is comparable between the 2 tech-
niques, VMAT showed a tendency for 
better sparing. The average delivery 
time is around 15 minutes for IMRT 



www.appliedradiationoncology.com                                        APPLIED RADIATION ONCOLOGY            n       35December  2016

VOLUMETRIC-MODULATED ARC THERAPY FOR MALIGNANT PLEURAL MESOTHELIOMA

applied radiation oncology  

and 5 minutes for VMAT. VMAT plans 
were optimized using a maximum dose 
rate of 600 MU/min. The average MU 
with IMRT is around 3000, while with 
VMAT it is almost 1000.

Discussion and Conclusion
The management of MPM continues 

to present significant challenges. P/D 
is increasingly becoming the surgical 
method of choice for patients diagnosed 
with this disease due to reduced mor-
bidity relative to EPP. The proximity of 

critical organs including the underlying 
intact lung can make treatment planning 
a significant challenge.14 In comparison 
to IMRT, VMAT is becoming a more 
popular delivery technique owing to 
the reduced MU and shorter treatment 
delivery time, which improves patient 
comfort, reduces potential error due to 
patent motion, and improves clinical 
throughput. Data reported for NSCLC 
patients has shown that the mean dose 
to the total lung (MLD) and the total 
lung V20 Gy are both robust predictors 

of RP. MLD < 20 Gy and a total lung 
V20 Gy < 37% are associated with a 
risk of pneumonitis that is considered 
acceptable.17,18 Treatment of mesotheli-
oma involves large target volumes, and 
the incidence of RP is a great concern 
among these patients. It was recently 
demonstrated for MPM patients having 
2 intact lungs that patients who devel-
oped RP had an average MLD ≥ 21 Gy 
and an average V20 Gy ≥ 40%.19 The 
corresponding values of these dosimet-
ric parameters in patients who did not 

Table 4. Dosimetry for VMAT Plans Using 2 vs. 4 Arcs

	 Structure	 Parameter	 2Arcs_LL	 4Arcs_LL	 p value
	 PTV	 D95 (%)	 94	 94	 -
	 	 V95 (%)	 94	 94	 -
	 	 D05 (%)	 117.6±2	 117.7±3.2	 0.13
				  
	 Ipsilateral Lung	 V40 (%)	 57.4±18.8	 58±18.6	 0.01
	 	 V30 (%)	 78.9±13	 80.2±12.2	 <0.01
	 	 V20 (%)	 93.8±6.3	 95.3±4.9	 <0.01

	 Contralateral Lung	 V20 (%)	 0.2±0.5	 0.1±0.4	 1.000
	 	 Mean (Gy)	 4.7±1.3	 4.7±1.4	 0.64
	 	 V5 (%)	 32.9±15.7	 33.8±17.1	 0.31
				  
	 Total Lung	 Mean (Gy)	 18.3±1.7	 18.6±1.7	 0.01
	 	 V20 (%)	 35.7±5.7	 37.2±7	 <0.01
				  
	 Cord	 Maximum point dose	 45.3±4.7	 45.2±5.1	 0.57
				  
	 Heart (left)	 V30 (%)	 35.3±11.4	 36.2±12	 0.13
	 Heart (right)	 V30 (%)	 23±4.2	 22.5±4	 0.85
	 Heart (left)	 Mean (Gy)	 24.8±4.6	 25±4.9	 0.19
	 Heart (right)	 Mean (Gy)	 18.8±1.7	 18.7±1.7	 1
				  
	 Ipsilateral Kidney	 V18 (%)	 13.2±11.8	 13.9±12.6	 0.06
				  
	 Liver (left)	 Mean (Gy)	 7.9±3.2	 8.1±3.7	 0.22
	 Liver (right)	 Mean (Gy)	 27±4.5	 27.4±4.1	 0.43
	 Liver (left)	 V30 (%)	 3.5±5.2	 3.9±5.9	 0.13
	 Liver (right)	 V30 (%)	 42.8±10.8	 42.6±10.3	 0.92
				  
	 Stomach	 Mean (Gy)	 15.7±8.2	 15.6±8.5	 0.46
				  
	 Esophagus	 Mean (Gy)	 23.6±6.4	 23.8±6.4	 0.2
				  
	 Bowel	  D0.5%	 41.5±8.9	 41.4±9.3	 0.81
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develop pneumonitis were 19 Gy and 
36%, respectively. Incidence of RP has 
also been demonstrated in patients who 
had a contralateral lung V5 Gy ≥ 33%.20 
It is therefore essential that dose to the 
total lung and the contralateral lung be 
kept as low as possible. Choice of the 
field/arc arrangement is an influential 
factor in deciding the plan quality and 
simultaneously achieving conformal 
and uniform target coverage and ef-

fective OAR sparing. In this article we 
demonstrate the influence of the choice 
of angular limits for IMRT and arc range 
and number of arcs for VMAT for MPM 
cases that have received P/D. For IMRT, 
restricting the beams to a 200° range 
has the highest advantage in sparing the 
contralateral lung with respect to the low 
dose, and is recommended over the LL 
angular range. This observation has also 
been made in the past with IMRT plan-

ning for cases that received EPP as part 
of their surgical management. Unlike 
with IMRT, with VMAT, the LL arc 
range best spares the critical organs and 
adequately covers the target. Using the 
200° arc range produces the least accept-
able plans. Moreover, using the full arc 
range does not improve the dosimetric 
results over LL range and increases low 
dose to the contralateral lung, making 
it an unfavorable choice for planning 

Table 5. Dosimetry for IMRT Using 9 Coplanar Beams Spread Uniformly  
Within 200° Angular Range vs. VMAT Using 2 Coplanar Arcs Over LL

	 Structure	 Parameter	 IMRT_200	 VMAT*	 p value	
	 PTV	 D95 (%)	 94	 94	 -	
	 	 V95 (%)	 94	 94	 -	
	 	 D05 (%)	 118.1±2	 117.6±2	 0.26	
		  CI95%	 1.5±0.2	 1.5±0.2	 0.16	
		  D5-95% (Gy)	 10.9±1.5	 10.8±2	 0.6	
					   
	 Ipsilateral Lung	 V40 (%)	 59.2±15.8	 57.4±18.8	 0.61
	 	 V30 (%)	 78.3±12.8	 78.9±13	 0.44
	 	 V20 (%)	 97.4±4.6	 93.8±6.3	 <0.01	

	 Contralateral Lung	 V20 (%)	 0.1±0.5	 0.2±0.5	 1
	 	 Mean (Gy)	 5.1±1.1	 4.7±1.3	 0.06	
	 	 V5 (%)	 38.9±16.4	 32.9±15.7	 <0.01	
					   
	 Total Lung	 Mean (Gy)	 18.6±1.5	 18.3±1.7	 0.04	
	 	 V20 (%)	 36.4±5.7	 35.7±5.7	 <0.01	
					   
	 Cord	 Maximum point dose	 45.2±4.1	 45.3±4.7	 0.35	
					   
	 Heart (left)	 V30 (%)	 35.5±9.5	 35.3±11.4	 0.85	
	 Heart (right)	 V30 (%)	 26.2±4.9	 23±4.2	 0.04	
	 Heart (left)	 Mean (Gy)	 25.2±4.2	 24.8±4.6	 0.13	
	 Heart (right)	 Mean (Gy)	 18.5±2.4	 18.8±1.7	 0.49	
					   
	 Ipsilateral Kidney	 V18 (%)	 19.1±16.4	 13.2±11.8	 0.01	
					   
	 Liver (left)	 Mean (Gy)	 7.8±2.6	 7.9±3.2	 1	
	 Liver (right)	 Mean (Gy)	 28±3.7	 27±4.5	 0.23	
	 Liver (left)	 V30 (%)	 3.2±4.2	 3.5±5.2	 0.94	
	 Liver (right)	 V30 (%)	 43.3±9	 42.8±10.8	 0.77	
					   
	 Stomach	 Mean (Gy)	 16.9±8.7	 15.7±8.2	 0.15	
					   
	 Esophagus	 Mean (Gy)	 25.3±6.3	 23.6±6.4	 0.01	
					   
	 Bowel	  D0.5%	 41.4±9.1	 41.5±8.9	 0.25	

*VMAT plan chosen used 2 arcs and the lung limit arc range (2Arcs_LL)
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and delivery with VMAT. With care-
ful choice of angular/arc ranges, both 
IMRT and VMAT can produce accept-
able plans. However, for the same target 
coverage, VMAT has a tendency to bet-
ter spare critical organs. Additionally, 
reduced MU and delivery time makes 
VMAT a highly attractive treatment op-
tion over IMRT, improving both effi-
ciency and patient comfort.
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