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Abstract

Original Article

Introduction

Worldwide, it is estimated that there are approximately 686,000 
new head-and-neck cancers (HNCs) diagnosed every year 
and 375,000 individuals will die annually as a result of the 
disease.[1] Locally advanced HNC represents one of the most 
challenging treatment planning scenarios in radiation therapy 
(RT). Mucositis is among the most common adverse reactions 
encountered in RT for HNC. Franzese et al. reported that 54% 
of patients treated with volumetric-modulated arc therapy 
developed ≥grade 2 (G2) oral mucositis.[2] Other studies reported 
that 73%–100% of patients treated with intensity-modulated 
RT (IMRT) experienced grade 3/4 mucositis[3,4] and severe oral 
mucositis occurred in 29%–66% of all patients receiving RT.[5,6]

Oral mucositis is often painful and can significantly affect 
nutritional intake, mouth care, and quality of life,[7] as well 
as increase the risk of local and life-threatening systemic 
infections.[8,9] Patients with oral mucositis are significantly 

more likely to have severe pain and loss of >5% of pretreatment 
body weight.[6] In one study, ~16% of patients receiving RT 
were hospitalized because of mucositis.[10] Moreover, severe 
oral toxicities can also compromise the delivery of optimal 
cancer therapy protocols. Trotti et al. reported that 11% of 
patients receiving RT for HNC had unplanned breaks in RT 
because of severe mucositis.[10] These disruptions in dosing as 
a result of oral complications can directly affect survivorship. 
Thus, oral mucositis is a major dose-limiting toxicity of RT to 
the head and neck region.[8,9,11]

In addition to serious clinical effects, radiation-induced oral 
mucositis contributes to economic concerns because of costs 
associated with pain management, liquid diet supplements, 
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gastrostomy tube placement or total parenteral nutrition, 
management of secondary infections, and hospitalizations.[12] 
In a retrospective study, oral mucositis was associated with an 
increase in costs ranging from $1,700 to $6,000 per patient, 
depending on the grade of mucositis.[5] In summary, mucositis 
causes statistically significant increases in direct medical costs, 
averaging ~$3,000 ± $1,000 per treatment episode.[13,14]

Despite the high incidence, associated morbidity, and effects on 
patient quality of life and economic consequences, no standard 
RT technique is approved for the prevention of mucositis in 
HNC.[15] The radiation oncology community has concentrated 
on studies designed to determine whether altering fractionation 
schedules can improve cancer control, such as hyperfractionation 
and concomitant boost fractionation for HNC.[16] However, 
the incidence of grade 3 or 4 acute mucositis increased by 
16%–22% in patients treated with accelerated fractionation or 
hyperfractionation compared with the conventional schedule.[17]

It has been shown that oral mucositis is correlated with doses 
received by the oral cavity (e.g., 15, 30, 40, 45, and 50 Gy).[18-21] 
Cumulative doses to the oral cavity of 32 Gy were associated 
with acute mucositis, and a dose >39 Gy was associated with 
longer duration of mucositis.[22] In an attempt to minimize 
radiation-induced mucositis, Sanguineti et al. suggested 
delivering the smallest possible dose to the oral cavity.[23]

In this research, we provide a treatment plan, that is, promising 
for reduction of the risk of oral mucositis in locally advanced 
HNC compared to clinical treatment plans generated using 
conventional IMRT and VMAT.

Materials and Methods

Data
In this retrospective, institutional review board-approved 
study, we collected data from 10 patients with locally advanced 
HNC who had undergone RT in our clinic. Treatment targets 
included the primary tumor and cervical nodes. A simultaneous 
integrated boost was employed as the mode of delivery, and the 
prescribed doses to the primary tumor and high-and low-risk 
(LR) nodes were 70, 59.4, and 54 Gy, respectively, in 35 
fractions. Organs-at-risk (OARs) included the parotid glands, 
oral mucosa surrounding the oral cavity, brain stem, and spinal 
cord. We used previously published dose–volume constraints 
in the optimization process [Table 1].[24]

Treatment plans
Two types of IMRT plans were generated for each patient. The 
first was generated using the Pinnacle3 planning system (Philips 

Healthcare; Fitchburg, WI, USA). The second was generated 
using our linear programming (LP)-based approach.[25] 
Although IMRT plans were also generated using the Eclipse 
planning system (Varian Medical Systems; Palo Alto, CA, 
USA), both planning systems resulted in comparable IMRT 
plans. We describe the planning specifics and results for only 
the Pinnacle3 planning system in this report.

Conventional intensity-modulated radiation therapy plans
In this work, nine beams were used in IMRT treatment 
planning. Selected angles were input to the commercial IMRT 
planning systems. The Pinnacle3 planning system used a 
gradient-based optimization approach for conventional IMRT. 
These plans will be referred to as Pinn IMRT plans.

Linear programming-based intensity-modulated radiation 
therapy plans
IMRT plans were also generated using an LP-based 
optimization approach (referred to as LP IMRT).[25] The details 
of the LP-based approach can be seen from Zhang et al.[25] 
Here, we summarize the approach: The LP-based approach 
allows for explicit incorporation of dose and dose–volume 
constraints. An advantage of this approach is that if the 
problem is feasible and bounded (which is the case for dose 
optimization problems), formulating and solving it using a 
linear program guarantees the optimal solution. Our approach 
employed the principle of segment weight optimization. In 
the first phase, the Pinn IMRT plan was used to generate an 
initial set of apertures. These physical apertures were used 
to initiate a second-phase optimization process that utilized 
aperture-specific dose calculations to provide input data to 
an LP-based dose optimization solver. The details of the dose 
optimization problem are as follows:
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Table 1: Summary of dose/dose‑volume constraints

Left and right 
parotid mean dose

Oral cavity 
mean dose

Maximum 
cord dose

Maximum 
brainstem dose

Volume of LR PTV receiving ≥59.4 Gy

Volume of HR PTV receiving ≥70 Gy

Volume of primary PTV receiving ≥75.6 Gy
26 Gy 35‑40 Gy 45 Gy 54 Gy 5%
LR: Low‑risk, PTV: Planning target volume, HR: High‑risk
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where i is an index corresponding to beam apertures and j is 
an index corresponding to voxels over which constraints are 
specified. The LP dose optimization objective involves 
minimizing the weighted sum of doses delivered to the voxels 
that violate the thresholds for dose–volume histogram (DVH) 
constraints. The treatment volume is divided into region O, 
including OARs; region T, including the planning target 
volumes; and region N, which corresponds to normal tissue 
voxels. In this work, normal tissue is defined as nontarget and 
non-OAR tissue. Input data include beam aperture-specific 
dose matrices B corresponding to each delivery aperture. DVH 
constraints are handled through the introduction of penalty 
variables that account for target, OAR, and normal tissue 
underdose and overdose as relevant. b b b bTAR TAR OAR NORL U, , , , 
and bSPC  specify the desired dose thresholds for the target, 
OAR, normal tissue, and any designated region, respectively, 
at which constraints are desired. x j Tj ,  ∈ , is a vector of 
underdoses/overdoses (doses below the prescription level or 
above a certain level [hot spot] for target voxels) delivered to 
the target region. The variable x j Oj ,  ∈ and j N∈ is a vector 
of overdoses (doses over a certain critical level) delivered to 
the OARs and normal tissue. S is a subset of O, which 
corresponds to a special region, such as the spinal cord voxels, 
in which hard upper-bound dose constraints instead of DVH 
constraints are specified. wi  is the weight (to be optimized) 
for aperture i of beam angle set  .   TAR TAR OARL U, , , and 
 NOR are the penalty weights assigned for underdosing, 
overdosing the target, and overdosing the OARs and normal 
tissues, respectively. Each type of constraint can be enforced 
on multiple targets and OARs. Multiple constraints can be 
enforced on each target and OAR as well.

The dose optimization problem was formulated in the General 
Algebraic Modeling System (GAMS Development Corporation; 
Washington, DC, USA);[26] a high-level modeling system for 
mathematical programming and optimization. The linear program 
was then solved with an integrated high-performance commercial 
solver, Parallel CPLEX (IBM; Armonk, NY, USA)[27] on a cluster 
of 48 Intel 2.4 GHz CPUs available at our clinic.

Volumetric-modulated arc therapy plans
Single-arc and double-arc VMAT plans were generated 
using the Pinnacle3 planning system. The Pinnacle3 planning 

system adopts a multistep optimization algorithm developed 
by Bzdusek et al. which includes initial segments generation, 
arc sequencing, machine parameter optimization, and segment 
weight optimization steps.[28] For each arc, 180 apertures 
(control points) were used, resulting in 180 apertures for the 
single-arc (referred to as 1ARC) plans and 360 apertures for 
the double-arc (referred to as 2ARC) plans. This setting per 
arc corresponds to the maximum number of apertures available 
for VMAT from Pinnacle 3.

A summary of the treatment plans generated and their 
differences are shown in Table 2.

Comparison of plans
We retrospectively tested our approach on data from 10 
patients with locally advanced HNC who had undergone 
conventional RT in our clinic. To compare different treatment 
plans, we let each approach improve the OAR and normal 
tissue sparing as much as possible by adjusting weights 
associated with the individual dose and dose–volume 
constraints. The adjustments were guided using the best plan 
obtained from a competing technique as an improvement 
goal.[29] Each plan was allowed up to 2 h of planning time 
for improvement.

All plans were normalized so that 95% of the target received 
at least the prescription dose. Final dose distributions for all 
plans were compared using a previously validated Monte 
Carlo-based convolution-superposition dose calculation 
approach.[30] The dosimetric quality of the plans was compared 
using DVHs and isodose lines. Dose distributions were 
compared through the conformity index (CI) and dose gradient 
index (DGI), defined as:

CI = (prescription isodose volume)/(target volume)� (8)

DGI = (50% of prescription isodose volume)/(100% of 
prescription isodose volume)� (9)

Comparison of delivery efficiency
The delivery efficiency of each technique was compared using 
the number of apertures, monitor units (MUs), and treatment 
delivery time for each plan [results shown in Table 3]. A 
maximum dose rate of 600 MU/min was assumed when 
calculating delivery time for both IMRT and VMAT. Treatment 
delivery time was approximated by assuming that the beam 
off time during transition between successive apertures for 
a given beam angle in IMRT averaged 0.5 s. The maximum 
gantry rotation speed was 4.8°/s. For IMRT, the delivery time 
(in seconds) was calculated as:

Table 2: Summary of treatment plans generated for comparison

Pinnacle IMRT VMAT LP IMRT
Planning system Pinnacle3 Pinnacle 3 In‑house
Beam arrangement 9 fixed beams Single or double arcs 9 fixed beams
Input dose calculation Pencil beam convolution Pencil beam convolution Monte Carlo kernel superposition
Optimization method Gradient‑based Multistep optimization Linear programming
LP: Linear programming, IMRT: Intensity‑modulated radiation therapy, VMAT: Volumetric‑modulated arc therapy
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IMRT Time Total MUs (A 0.5) /4.8 = ( ) + × +10 1 ,k � (10)

where A is the number of apertures and 
1,k  is the distance (in 

degrees) between the first and last beam. The beam mode-up 
time for IMRT was ignored for estimating treatment delivery 
time. Of interest is the fact that individual beam mode-up times 
are eliminated on the new TrueBeamTM (Varian Medical 
Systems; Palo Alto, CA, USA) instrumentation. For VMAT 
delivery, equation (11) was used to obtain the VMAT delivery 
time: sl  is the actual rotation speed at control point l (recall 
the spacing between the control points is 2°):

VMAT Time  = ∑ 2
sl

� (11)

where sl  is the actual rotation speed at control point l.

Results

Qualitative dosimetric results are shown as DVH plots 
[Figure 1] and isodose curves [Figure 2]. Quantitative results 
were collected at OAR dose constraint setting levels as shown 
in Figure 3.

Plan dosimetric quality
Figure 1 shows the mean DVHs of the 10 patient records 
considered in this research. Four approaches were compared, 
with solid lines representing the two IMRT approaches and 
dashed lines representing the two VMAT approaches. Primary 
planning treatment volume, high-risk PTV, and LR PTV DVHs 
in Figure 1 show that all plans achieved essentially the same 
target coverage. LP IMRT achieved the best dose uniformity, 
and 1ARC VMAT resulted in the worst. Pinn IMRT and 2ARC 
VMAT had similar dose uniformity. The maximum difference 
between PTV DVHs was <10%.

In comparing OAR sparing across different treatment plans, 
Figure 1a shows that all four plans achieved similar brainstem 
sparing. Pinn IMRT and both VMAT plans resulted in the same 
sparing of the right parotid. LP IMRT spared 15% more of the 
right parotid than the other three approaches. From oral cavity 
DVHs shown in Figure 1b, the LP IMRT plan was superior 
for preserving oral cavity; 20% better than the Pinn IMRT and 
2ARC VMAT plans, which were 10% better than the 1ARC 

VMAT plan. Left parotid sparing was essentially the same 
(difference <10%) for all four plans, as shown in Figure 1c. 
For spinal sparing, the 2ARC VMAT plan delivered 10% less 
maximum dose to spinal cord than the 1ARC VMAT plan 
[Figure 1d]. LP IMRT delivered 6% and 12% less maximum 
doses to spinal cord than the Pinn IMRT and 2ARC VMAT 
plans, respectively.

Looking at more detailed quantitative results (absolute dose in 
Gy received by each OAR at constraint setting levels, Figure 3), 
the LP IMRT plan resulted in 2–5 Gy (6%–17%) lower mean 
doses for both parotids than the other three plans. For oral 
cavity mean doses, the LP IMRT plan was 5–11 Gy (16%–29%) 
lower than the other plans. The maximum spinal cord dose of 
the LP IMRT plan was 3–11 Gy lower than the other plans.

Figure 2 shows the isodose curves on an axial slice of one of 
the cases as an example of dose distribution comparison. Only 
the 1ARC VMAT plans showed hot spots in the primary PTV. 
The difference in target coverage in isodose curves between the 
IMRT plans and 2ARC VMAT plan was negligible. LP IMRT 
plans displayed better OAR sparing for parotids, oral cavity, 
and spinal cord than the other plans. From the last two columns 
of Table 3, we observe that the average CI and DGI achieved 
by the Pinn IMRT and 2ARC VMAT plans were similar. The 
LP IMRT plan resulted in the lowest average CI and DGI, 
whereas the 1ARC VMAT plan resulted in the highest.

Paired t-tests were conducted to determine whether differences 
achieved at OAR dose constraint setting levels between 
different plans were statistically significant [Table 4]. We can 
see that except for brain stem sparing, the differences between 
LP IMRT and the other three plans were significant. The tests 

Table 3: Comparison of total monitor units, number of 
apertures, calculated delivery time, conformal index, and 
dose gradient index

MU #Aperture Time (min) CI DGI
1 ARC VMAT 457±73 180 1.3±0.04 3.4±2.2 4.2±1.4
2 ARC VMAT 549±97 360 2.5±0.01 1.9±0.5 3.3±1.2
Pinnacle IMRT 1038±115 269±46 5.1±0.5 2.1±1.2 3.2±2.6
LP IMRT 1152±118 199±44 4.7±0.5 1.4±0.1 3.0±2.4
MU: Monitor unit, CI: Conformal index, DGI: Dose gradient index, 1 
ARC VMAT: Single‑arc VMAT, 2 ARC VMAT: Double‑arc VMAT, 
IMRT: Intensity‑modulated radiation therapy, LP: Linear programming, 
VMAT: Volumetric‑modulated arc therapy

Figure 1:  Mean dose–volume histogram compar isons in 
10 head-and-neck cases for: (a) Primary planning treatment volume, 
brain stem, and right parotid; (b) High-risk planning treatment volume 
and oral cavity; (c) Low-risk planning treatment volume and left parotid; 
and (d) Spinal cord and normal tissue for intensity-modulated radiation 
therapy and volumetric-modulated arc therapy plans

dc

ba
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confirmed the superior preservation of oral cavity and parotid 
glands achieved by LP IMRT.

Comparison of delivery efficiency
The mean and standard deviation of total MUs, number 
of apertures, and treatment delivery time for all plans are 
summarized in Table 3. The 2ARC plans resulted in 20% 
more MUs than 1ARC plans. LP IMRT plans resulted in 10% 
more MUs than Pinn IMRT plans. IMRT plans at least doubled 
the MUs used by VMAT plans. The number of apertures in 
the IMRT plans was generally between that of the 1ARC 
VMAT and 2ARC VMAT plans, which were ~180 and ~360, 
respectively. LP IMRT plans reduced the number of apertures 
by 25% compared with Pinn IMRT plans. LP IMRT plans 
resulted in zero weights for a significant number of the Pinn 
IMRT apertures while improving plan quality. This finding 
ultimately resulted in 8% shorter calculated LP IMRT delivery 
times than Pinn IMRT delivery times. 2ARC VMAT delivery 
times were ~2.5 min shorter than the estimated LP IMRT 
delivery times.

Discussion

Our results showed that double-arc VMAT plans improved plan 
quality over single-arc VMAT plans. IMRT plans and double-
arc VMAT plans generated by Pinnacle 3 were comparable. 
However, our LP-based IMRT consistently provided better 
overall plan quality than both the IMRT and double-arc VMAT 

plans. The CI and DGI of LP IMRT plans were consistently 
better than those with other plans. DVHs for normal tissues 
were better for LP IMRT plans than for VMAT plans.

For locally advanced HNC cases, OARs either sit within the 
concavity of the targets or are very close to the targets. Mallick 
and Waldron[31] showed that the rate of oral mucositis is quite 
high in patients being treated with fields involving the oral 
cavity. Since VMAT treatment plans deliver radiation through 
all possible beams around the patient, it is difficult to avoid 
those fields involving the oral cavity. As our results showed, 
VMAT plans were not as competitive as IMRT delivery 
techniques for preserving the oral cavity. It has been shown 
that most patients who receive >50 Gy to the oral mucosa will 
develop severe ulcerative oral mucositis.[18] Clinical severity 
is directly proportional to the radiation dose administered. 
Shogan et al. showed a correlation between oral cavity dose 
and mucositis when using IMRT.[19] A statistically significant 
correlation between acute mucositis grade and percentage of 
volume of oral cavity receiving 15, 30, 40, and 45 Gy was 
identified. In other studies, a correlation between grade 3+ 
mucositis and oral cavity doses of 9.5 and 10.1 Gy per week 
was found.[20,21] Cumulative doses of 32 Gy to the oral cavity 
were associated with acute mucositis, and a dose >39 Gy was 
associated with longer duration of mucositis.[22] Delivery of the 
smallest dose possible to the oral cavity has been suggested 
to avoid radiation-induced mucositis.[23] As the results show 
in this work, using any of these dose levels as an evaluation 
criteria, our LP IMRT approach is the most promising to 
prevent radiation-induced mucositis.

Clinical comparisons of IMRT and VMAT treatment plans 
for HNC have reported either similar or better results with 
VMAT than IMRT.[32-35] Some of these reports did not include 
oral cavity sparing as the main comparative objective.[32,35] The 
limitation in the respective IMRT plans was that fewer beams 
and apertures utilized (e.g., 39 apertures over 5–7 beams by 
Bertelsen et al.[34]) may constrain performance in these plans. 
Most of the comparisons did not report the number of apertures 
used. Moreover, to deliver radiation continuously as the gantry 
rotates around the patient, VMAT requires that successive beam 
apertures be linked. The link between successive apertures 

Figure 3: Comparison of doses (in Gy) at constraint levels for 
intensity-modulated radiation therapy and volumetric-modulated arc 
therapy plans

Figure 2: Isodose curves for: (a) Single-arc volumetric-modulated arc 
therapy plans; (b) Double-arc volumetric-modulated arc therapy plans; 
(c) Conventional intensity-modulated radiation therapy plans generated 
by Pinnacle 3; and (d) Linear programming intensity-modulated radiation 
therapy plans
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is primarily dictated by the physical speed of the multileaf 
collimator leaves. As a result, the selection of beam apertures 
in VMAT is constrained by the need to link apertures to their 
neighbors. This constraint may adversely influence plan 
quality, which may be the reason that VMAT could not spare 
the oral cavity better than IMRT plans in this study.
On the other hand, the superior results achieved by our LP IMRT 
approach were contributed from both accurate dose calculations 
and exact optimization algorithm. Most commercial planning 
systems tend to employ fast, but somewhat inaccurate dose 
calculation algorithms that provide input to the optimization 
algorithm. The achieved optimal solution differs from the dose 
distribution obtained when one performs a more accurate dose 
calculation. Al-Hallaq et al. demonstrated that more accurate 
dose calculation algorithms, such as convolution/superposition 
or Monte Carlo approaches, are better suited for IMRT in 
tailoring doses in HNC cases.[36] The dose calculation algorithm 
utilized in this research is Monte Carlo kernel superposition.[30] 
The other factor that may influence results is the optimization 
approach employed, as suggested by Bortfeld and Webb.[37] 
Most commercial planning systems employ heuristic or local 
search-based optimization approaches. Exact optimization 
approaches such as LP guarantee optimal solutions and provide 
explicit handling of constraints (soft and hard) over target and 
OAR voxels. Other exact optimization approaches, such as 
quadratic programming, should also provide similar results. 
On another note, IMRT and VMAT explore the degrees of 
freedom in generating conformal plans differently (aperture 
space vs. angular space, respectively). Our results show that for 
reducing the risk of oral mucositis in locally advanced HNC, 
LP IMRT becomes a more promising approach than VMAT. 
This result is observed despite the decrease in the number of 
beam apertures employed in the IMRT plans compared with 
2ARC VMAT plans. Our work further suggests that when 
one considers comparisons between IMRT and VMAT using 
commercial software, on average, it is possible to obtain 
comparable plans. However, the LP IMRT approach produces 
substantially improved results.

For locally advanced HNC, many structures in addition to the 
oral cavity are at risk for complications. We included these as 
nontarget/non-OAR normal tissues in this research because 
of concerns about reducing the risk of secondary cancer and 
complications for those structures. Hall[38] and Suit et al.[39] 

have pointed out that consideration in any radiation technique 
is the potential for increasing the number of radiation-induced 
secondary cancers. They noted that the volume of normal tissue 
exposed to leakage or low doses is directly related to secondary 
cancers. Guckenberger et al. have shown that using multiple 
arcs increases the spread of low doses to normal tissue.[40] Our 
results for normal tissue doses are consistent with this finding. 
In this work, normal tissue dose was explicitly considered in 
the constraints. This led to the finding that LP-based fixed-field 
IMRT plans resulted in lower normal tissue doses compared 
with VMAT plans for all 10 test cases considered.

Our approach is analogous to segment weight optimization, 
which has been widely used in clinical practice. The limitation 
of our approach in the current form is that the starting point 
of the second phase is based on apertures generated from 
conventional IMRT plans. The quality of our approach could 
be further improved if a larger pool of high-quality apertures 
could be considered. This is the goal of next steps in our 
research. The entire framework as described here can be easily 
implemented and adapted to practical clinic use.

Conclusions

In addition to clinical evaluations of commercially available 
planning software, we applied a different optimization 
approach for fixed-field IMRT: LP-based IMRT. Our results 
showed that LP-based fixed-field IMRT plans resulted in 
superior dosimetric quality compared with conventional IMRT 
and VMAT plans. VMAT plans, however, consistently resulted 
in the lowest treatment delivery times. LP-based IMRT was 
the most promising treatment plan, for patients with locally 
advanced HNC, that preserves oral cavity and parotid glands 
so that the risk of oral mucositis can be reduced. 
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