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Abstract

Purpose: To determine the sensitivity of changes to IMRT delivery 
parameters for mass-based optimization schemes: Dose-Mass- (DM) and 
Energy-based (Energy), compared to Dose-Volume-based (DV) optimization. 

Methods: Twelve Head-and-Neck (HN) and twelve lung cases were 
retrospectively optimized using DM and Energy optimization. In both optimization 
approaches nine equidistant, split beams were used for step-and-shoot 
deliverable IMRT. Changes to two parameters were investigated: the number of 
IMRT segments (5 and 10 per beam) and the minimum allowed segment area 
(2 and 6 cm2). Plans were normalized such that 95% of the PTV received the 
same dose. Dose Indices (DIs) were used for evaluation. For the lung cases, 
DIs included: 1%_cord, 33%_heart, 20% and 30%_both-lungs, and 50%_
esophagus. In the HN cases: 1%_cord, 1%_brainstem, left/right parotids_50%, 
50%_larynx, and 50%_esophagus.

Results: The lung cases demonstrated that the Energy plans were more 
sensitive to segment area; changing the segment area resulted in a statistically 
significant dose increase for 1%_cord, 30%_both-lungs and 50%_esophagus. 
Changes to the number of segments yielded on average statistically significant 
differences in dose to 1%_cord in Energy plans, 50%_esophagus in DM plans, 
and 20%_both-lungs in DV plans. When the segment area was changed, the 
HN cases yielded statistically significant differences in doses to 1%_cord, 1%_
brainstem, 50%_left and right parotids, and 50%_larynx for the Energy plans 
and 50%_larynx for DM plans. Moreover, changing the number of segments 
resulted in significant dose decrease for 50%_parotids and 50%_esophagus for 
the Energy plans and 50%_larynx for DV plans.

Conclusions: This study showed that both lung and HN Energy plans 
exhibit larger sensitivity than DV and DM plans to changing IMRT delivery 
parameters, especially when increasing the minimum segment area rather than 
with varying the number of segments.
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Introduction
Inverse optimization for IMRT planning can be performed 

in either one- or two-step process. In the two-step process fluence 
optimization is performed first and leaf trajectories are generated 
afterwards [1,2]. In the more recent one-step approach the Multi-Leaf 
Collimator (MLC) leaf-sequencing step and other physical constraint 
parameters are included in the optimization in order to generate 
deliverable plans. One-step optimization can be performed by Direct 
Aperture Optimization (DAO), which uses simulated annealing 
algorithm, or Direct Machine Parameter Optimization (DMPO) 
using gradient descent algorithm [3]. This type of optimization 
reduces the number of segments and monitor units, and in addition 
improves conformity and homogeneity without compromising plan 
quality [1,4,5]. Studies have demonstrated that the different IMRT 
parameters defined prior to optimization, such as the number of 
segments, segment area, number of intensity levels, number of MUs 
per beam, and MLC leaf increment affect plan outcome [6-10].

Dose-Mass-based (DM) optimization has been shown to be a 

more general form of Dose-Volume-based (DV) optimization, which 
is the special case where medium density is constant [11]. Another 
optimization approach that has been suggested is based on integral 
dose [12], in which the objective is to minimize the total energy 
imparted to the Organs-At-Risk (OARs). This optimization scheme 
also uses density information to obtain the energy deposited, referred 
herein as Energy-based optimization (Energy). The aim of this 
work is to investigate the sensitivity of density-based optimization 
approaches: DMH and Energy to DMPO parameter variations.

Methods and Materials
Twelve lung and twelve Head-and-Neck (HN) patients were 

retrospectively optimized using, DV, DM and Energy optimization. 
The plans were generated with nine equidistant coplanar beams with 
a minimum of 7 MUs per segment. The number of beams, beam 
angles, and minimum MUs per segment were set the same for all 
plans. Changes to two parameters were investigated: the maximum 
number of IMRT segments (5 and 10 per beam) and the minimum 
allowed segment area (2 and 6 cm2). Therefore, four plans were 
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developed for each approach: 5s_2a, 5s_6a, 10s_2a and 10s_6a, the 
nomenclature used refers to the combination of number of segments 
per beam (i.e. 5s: 5 segments/beam) and the minimum segment area 
of (i.e. 2a: 2 cm2). Optimization was performed with Pinnacle V.8.1y 
(Philips Radiation Oncology Systems, Fitchburg, WI) with DMPO 
(Direct Machine Parameter Optimization). Dose grid was 3 mm 
for the HN cases and 4 mm for the lung cases. During optimization 
the dose to Organs At Risk (OARs) was iteratively lowered through 
automated inverse optimization [13] until the standard deviation of 
the dose across the PTV was between approximately 4%. All plans 
were normalized so that 95% of the PTV received the prescription 
dose. Prescription dose for the lung cases was 70 Gy in 35 fractions 
and 66 Gy in 33 fractions for the HN cases. The sensitivity metric 
used in this study was based on Dose Indices (DIs), which represent 
the dose delivered to a certain anatomical structure volume. The DIs 
used for plan assessment included: 1%_cord, 33%_heart, 20% and 
30%_both-lungs, and 50%_esophagus for the lung cases. For the HN 
cases: 1%_cord, 1%_brainstem, 50%_left/right parotids, 50%_larynx, 
and 50%_esophagus. The sensitivity of the plans due to the changes 
in parameters were assessed using a paired two-tailed paired student’s 
t-test. The average values of the DIs were deemed to be statistically 
different if p-value was less than 0.05.

Results
The lung cases resulted in larger changes observed with Energy 

plans compared to DM plans. According to DV-based studies 10 
segments per beam and a minimum segment area of about 5 cm2 are 
appropriate for lung cases [14]. In order to compare the resultant 
plans with what would be clinically applied, Figure 1 illustrates the 
average dose per DI for each parameter combination with respect 
to 10 segments per beam and 6 cm2 segments area for comparison 
purposes, since they are the closest to clinically suitable parameters. 

When increasing the segment area and keeping 5 segments per beam, 
the Energy plans showed statistically significant increase in dose to 
1%_cord, 30%_both-lungs and 50%_esophagus. The Energy plans 
also resulted in statistically significant changes to maximum dose 
to cord using 10 segments per beam and increasing the segment 
area. Moreover, for dose to 1%_cord, increasing the number of 
segments using 6 cm2 segment area was statistically significant. DM 
plans resulted in significant differences only when the segment area 
increased for 50%_esophagus with 10 segments per beam. The DV 
plans resulted in statistically significant differences for 20%_both-
lungs when increasing the segments using 6 cm2 area. No statistically 
significant changes were observed with changing segment area for 
DV and DM plans.

The HN cases also showed larger changes with the Energy plans 
(cf. Figure 2). The values shown in Figure 2 are with respect to 10 
segments/beam and 2 cm2 minimum segment area in order to visually 
illustrate the dose variation in comparison to what is clinically 
suitable. Results showed statistically significant differences in dose 
when increasing the segment area for 1%_brainstem, 50%_left and 
right parotids and 50%_larynx using either number of segments 
per beam (5 and 10 segments/beam). Also dose to 1%_cord, was on 
average statistically significant when increasing the segment area 
with 10 segments per beam. Furthermore, increasing the number 
of segments using 2 cm2 segment area, resulted in significant dose 
decrease for 50%_parotids and 50%_esophagus. The DV plans showed 
statistically significant dose increase when changing the number of 
segments from 5 to 10 for 50% larynx, and using either segment area. 
In addition, dose to esophagus_50% resulted in significant difference 
when using 6 cm2 segment area and increasing the number of 
segments. Remarkably, the only DI that showed significant difference 
in the DM plans was 50%_larynx when increasing the segment area 
with 10 segments/beam.

Figure 1: Lung cases: Each point represents the mean dose (for the patient cohort) normalized of the parameter combination (i.e., 5s_6a is 5 segments/beam with 
6 cm2 area) with respect to 10 segments/beam with 6 cm2 as it is the most closely resembling the clinically used DMPO segment parameters in DV optimization. It 
is important to note the differences in the ordinate scale as the Energy plans showed significantly larger variation in values with a range of [0.45-1.20].
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Discussion
In this work, the sensitivity to changes in two IMRT parameters: 

minimum segment area and number of segments were investigated. 
In DV optimized plans, segment parameters have shown to change 
plan quality. A previously published study concluded that complex 
plans benefit from large number of segments and small areas [8]. The 
mentioned study showed that a range between 80-120 number of 
segments and a segment area of 4-8 cm2 was appropriate for complex 
HN cases but decreasing the number of segments and increasing 
segment area for more simple cases showed good plan quality. 
Another study suggested that limiting the minimum segment area to 
less than 5 cm2 kept the dose to OARs and PTVs within desired limits 
and dose deviations within 4% for HN cases [6]. For lung cases, it has 
been demonstrated that with a maximum of 40 segments in total with 
five fields the dose homogeneity would not be compromised [14]. 
It is important to note that highly modulated plans with very small 
segment areas may not be deliverable due to hardware limitations 
[15,16]. Dosimetric differences between planned and measured dose 
can be attributed to dose calculation errors in the treatment planning 
system, errors by the dosimeter used, and errors of the linac [16]. 
Errors of the linac include errors due to mechanical limitations of 
the MLCs, which typically occur with very complex and highly 
modulated plans.

In line with the mentioned DV studies, in the DM and Energy 
plans the segment area smaller than 5 cm2 and number of segments 
greater than 80 was beneficial for HN cases for most DIs. However, 
the average maximum dose to the cord showed better sparing with 
5 segments per beam for the DM plans. The results for the DV plans 
were in line with previously published studies, where the 10s_2a 
parameter combination showed the lowest average doses for all DIs 
and the doses increased with larger segment area and less segments 

 

Figure 2: HN cases: Each point represents the mean dose (for the patient cohort) normalized to the parameter combination (i.e. 5s_2a is 5 segments/beam 
with 2 cm2 area) with respect to 10 segments/beam with 2 cm2 as it is the parameters most closely resembling the clinically used DMPO segment parameters in 
DV optimization. It is important to note the differences in the ordinate scale as the Energy plans showed significantly larger variation in values (range: [1-1.51]) 
compared to DMH (range: [0.95-1.07]).

per beam. Similar to those results were the results for the Energy 
DIs, but the changes were larger as the segment area increased. In 
somewhat simpler lung anatomy, the number of segments can be 
smaller, and the allowed segment area could be larger for clinically 
viable solutions. The results for improving dose sparing with a 
certain combination was not uniform across DIs for the DV plans, 
but the dose changes were small when varying the parameters. The 
Energy plans showed that a segment area of 2 cm2 improved most 
DIs, regardless of the number of segments. These results show that 
with the use of a single objective function, as is Energy optimization, 
any variation of IMRT segment parameters changes the plan more 
drastically than in multi objective optimization approaches such as 
DV and DM. Therefore, it is important to appropriately determine 
the DMPO parameters for Energy optimization.

Conclusion
Energy optimization showed more sensitivity to IMRT segment 

parameter variations compared to DV and DM optimization. The 
sensitivity was more notable in the HN rather than in the lung cases, 
which may be due to the close proximity of many OARs in the HN 
anatomy. The Energy plans were more sensitive to the segment area 
than to the number of segments per beam.
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