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Purpose: Radiation treatment planning inherently involves multiple conflicting planning goals, which
makes it a suitable application for multicriteria optimization (MCO). This study investigates a MCO
algorithm for VMAT planning (VMAT–MCO) for prostate cancer treatments including pelvic lymph nodes
and uses standard inverse VMAT optimization (sVMAT) and Tomotherapy planning as benchmarks.
Methods: For each of ten prostate cancer patients, a two stage plan was generated, consisting of a stage 1
plan delivering 22 Gy to the prostate, and a stage 2 plan delivering 50.4 Gy to the lymph nodes and 56 Gy
to the prostate with a simultaneous integrated boost. The single plans were generated by three planning
techniques (VMAT–MCO, sVMAT, Tomotherapy) and subsequently compared with respect to plan quality
and planning time efficiency.
Results: Plan quality was similar for all techniques, but sVMAT showed slightly better rectum (on average
Dmean �7%) and bowel sparing (Dmean �17%) compared to VMAT–MCO in the whole pelvic treatments.
Tomotherapy plans exhibited higher bladder dose (Dmean +42%) in stage 1 and lower rectum dose
(Dmean �6%) in stage 2 than VMAT–MCO. Compared to manual planning, the planning time with MCO
was reduced up to 12 and 38 min for stage 1 and 2 plans, respectively.
Conclusion: MCO can generate highly conformal prostate VMAT plans with minimal workload in the
settings of prostate-only treatments and prostate plus lymph nodes irradiation. In the whole pelvic plan
manual VMAT optimization led to slightly improved OAR sparing over VMAT–MCO, whereas for the
primary prostate treatment plan quality was equal.

� 2016 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. All rights reserved.
Introduction

The use of IMRT has become standard of care in the external
beam radiotherapy of prostate cancer [1]. Rotational IMRT
techniques like VMAT [2] and Tomotherapy [3,4] have contributed
to a gain in delivery efficiency. To account for the large
inter-fraction motion of the prostate, the concept of adaptive
radiotherapy (ART) was proposed [5]. Clinical implementation of
ART requires additional treatment planning to generate plan
libraries or adapt plans during the course of treatment [6,7]. This
additional workload may hinder the introduction of ART in a clinic
with limited personnel and technical resources.

Typical inverse plan optimization can generate highly
conformal plans with homogeneous target doses, but it is still a
time consuming task even for an experienced planner. In this pro-
cess, the planner typically intervenes in the computational opti-
mization by modifying parameters in a trial-and-error procedure.
After generating a clinically acceptable treatment plan, the planner
still cannot be sure that this is the optimal plan. Novel optimiza-
tion engines that have been developed to overcome this are multi-
criteria optimization (MCO) [8–10], knowledge based planning
[11] and automatic planning [12,13]. The MCO approach guaran-
tees generation of a Pareto-optimal treatment plan, which means
that the plan cannot be improved for one planning objective with-
out worsening some other objective [14]. This avoids time-
consuming manual exploration of trade-offs in inverse treatment
planning. Knowledge based planning methods determine the
achievable dose distributions in the organs at risk (OAR) from prior
experience and patient databases [15,16]. In the setting of primary
prostate treatment planning, these advanced optimization tech-
niques have already proven to give equal or better dosimetric
results with reduced planning workload [12,15,17,18]. However,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejmp.2016.03.002&domain=pdf
http://dx.doi.org/10.1016/j.ejmp.2016.03.002
mailto:martin.buschmann@meduniwien.ac.at
http://dx.doi.org/10.1016/j.ejmp.2016.03.002
http://www.sciencedirect.com/science/journal/11201797
http://http://www.physicamedica.com


466 M. Buschmann et al. / Physica Medica 32 (2016) 465–473
those studies concern typical local prostate therapies that involve
small, almost spherical PTVs in a symmetric geometry, which
poses a less challenging planning problem.

Irradiation of pelvic lymph nodes is frequently performed in
high risk prostate cancer patients [19,20]. The planning for this
treatment is more complex than the prostate-only case due to
the large, concave shaped target volumes. Additionally, the treat-
ment is often planned in form of a simultaneous integrated boost
(SIB) [21,22], which adds more complexity.

The aim of this study was to compare three plan optimization
strategies for different rotational external photon delivery tech-
niques for the treatment of prostate cancer with respect to plan
quality and planning time efficiency. More specifically, the benefit
of an advanced MCO algorithm for VMAT of prostate cancer was
studied in a clinical setting that includes lymph nodes irradiation,
with the prescribed treatment consisting of two treatment plans.
For benchmarking standard inverse VMAT and Tomotherapy
planning were considered.
Materials and methods

Patients and prescription

Ten high risk prostate cancer patients that were treated
(between July 2014 and May 2015 with curative intent) with rota-
tional IMRT were included in this in-silico study. Another ten
patients treated with the same indication were selected as training
patients. All patients had gold markers implanted in their prostate
to facilitate patient setup with image guidance. Patients with hip
replacements were not included.

Every patient had two target volumes contoured: the prostate-
CTV, which includes the prostate gland as primary target; and the
pelvic-CTV, which includes the pelvic lymph nodes and also
encompasses the prostate. To construct the PTVs uniform margins
were applied to the CTVs, i.e. 7 mm for the prostate-CTV and
10 mm for the pelvic-CTV. According to our treatment protocol,
the treatment was generated in two stages for radiobiological rea-
sons, one stage aimed at 22 Gy in 11 fractions to the prostate-PTV
(PTV-P) (stage 1 plan) and one stage at 50.4 and 56 Gy in 28 frac-
tions to the pelvic-PTV (PTV-LN) and the PTV-P, respectively (stage
2 plan, using a SIB to deliver the prescribed dose to the prostate).
The total prescribed dose was 78 Gy to the PTV-P and 50.4 Gy to
the PTV-LN. The rectum was delineated from the anorectal junc-
tion to the beginning of the sigmoid. Other OARs considered for
optimization and treatment plan analysis were femoral heads,
bladder and bowel bag; the latter was defined as the whole poten-
tial pelvic space of the bowel (excluding the rectum), extending
2 cm above the PTV in cranial direction. The femoral heads were
treated as two separate structures in the optimization process,
but were merged for the data analysis.
Table 1
Clinical dose constraints for the organs at risk for the sum plan.

Rectum Bladder Bowel Femoral head

Dmax 85.8 Gy Dmax 85.8 Gy Dmax 56 Gy Dmax 60 Gy
V75Gy 15% V70Gy 20% V50Gy 15% V50Gy 5%
V70Gy 20% V55Gy 45%
V65Gy 40% V50Gy 55%
V60Gy 45% V30Gy 80%
V50Gy 50%
Delivery techniques, TPS and dose calculation

Three different optimization methods were applied: VMAT–
MCO and standard VMAT optimization, both implemented in the
RayStation TPS (Raysearch Laboratories AB, Stockholm, Sweden)
and Tomotherapy planning with the TomoTherapy TPS (Accuray,
Sunnyvale, California). Two different photon delivery techniques
were used: C-arm linac-based VMAT and helical Tomotherapy.
The VMAT treatments were based on a 6 MV beam provided by
an Elekta Synergy Agility-MLC. The Tomotherapy treatments were
based on a 6 MV TomoTherapy TomoHD system. For VMAT plan-
ning of stage 1, the isocenter was set at the center of the PTV-P
and one arc of 300 degrees with posterior avoidance sector was
used. For stage 2 plans two full arcs were used and the isocenter
was set at the center of the PTV-LN. For Tomotherapy, a field width
of 2.5 cm, a pitch of 0.25 and a modulation factor of 2 were applied
in all plans. The employed dose calculation algorithms were of the
type collapsed cone convolution superposition (CCC) in both TPS.
The dose grid size was set to 0.234/0.25 cm for stage 1 and to
0.234/0.3 cm for stage 2 plan in TomoTherapy/RayStation,
respectively.

Treatment planning procedure

The two plan stages were optimized and analyzed separately.
This allowed for a comparison of the different optimizations for
both plans, but also poses a challenge for automatic plan optimiza-
tion because the sum plan cannot be optimized directly. Conse-
quently the fulfillment of clinical dose constraints could only be
checked after generating the individual plan stages. The resulting
plans had to exhibit sufficient target coverage with at least 98%
of the PTV covered by 95% of the prescribed dose (D98% > 95%).
The maximum dose in the PTV had to be lower than 110% of the
prescribed dose.

The treatment planning process was performed in a way to imi-
tate the typical situation in a busy clinic, where a treatment plan
has to be generated with limited time resources. The planners were
provided with a list of soft dose-volume constraints for the OARs,
based on the long term clinical IMRT planning experience with
the purpose of having plans with similar weighting of the OARs.
The aim was to fulfill these constraints and lower the dose to
organs even further if possible.

The sum plan of both treatment plans (stage 1 and stage 2 plan)
was evaluated with respect to clinical goals in terms of dose-
volume constraints (see Table 1). These dose constraints are used
in clinical practice and are based on a combination of QUANTEC
recommendations [23,24] and the departments experience in pros-
tate radiotherapy [25,26]. The constraints should be fulfilled if pos-
sible, but sufficient coverage of the target was given the highest
priority.

An objective criterion to limit the planner’s time and effort
could not be given since different planning systems were used that
have different workflows to generate a plan. The recorded hands-
on time gives a measure of the invested effort. In the initial phase
of the study the planners were provided with ten training patients
to gain experience and to generate planning templates for a time-
efficient planning procedure.

Multicriteria optimization for VMAT

The MCO algorithm allows to create Pareto-optimal treatment
plans for both IMRT and VMAT [10,27–29] (VMAT–MCO). A
detailed description of the optimization approach of this algorithm
is given by Bokrantz [10]. For the target and OAR structures objec-
tive and constraint functions can be created. The constraints corre-
spond to dose values that must be fulfilled, incompatible
constraints are not allowed and will be indicated by the system
after starting the optimization. The objectives are desired goals,
which may be infeasible. The best-possible tradeoff between
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several objectives defines a Pareto-optimal plan. The plans are
optimized based on the constraints and objectives and the result-
ing plans minimize the objective cost function with respect to flu-
ence. The user creates a specified number of Pareto-optimal plans
and navigates in real time the solution space that is spanned by lin-
ear combinations of the generated plans, to find the most suitable
plan for the patient. After the choice for a specific plan is made, a
deliverable MLC segmented plan for treatment at the linac is cre-
ated by mimicking the DVHs of the Pareto-optimal navigated plan
[30]. The segmentation uses only the DVHs of the navigated flu-
ence plan as an input where segments are optimized by direct
machine parameter optimization (DMPO) [31]. This may lead to
degradation in the achieved dose distribution because of limita-
tions of the linac and MLC, e.g. maximum leaf speed and minimum
leaf gap. The TPS provides the option to continue optimizing a
MCO-generated plan with the standard VMAT optimization mod-
ule. One cost function will mimic the final plan and further conven-
tional dose-volume objectives can be added to further improve if
necessary.

In this study several convex dose-based MCO functions were
used: uniform Dose, maximum EUD and Dose-Fall-Off. Also DVH-
based nonconvex functions were employed, such as minimum
DVH and minimum/maximum dose.

Details on the objectives and constraints used in this study for
the two plan stages in VMAT–MCO can be found in Table 2. Suffi-
cient target coverage was guaranteed by constraints for the mini-
mum dose to 100% and 90% of the PTV. A maximum dose
constraint was applied to the whole patient and in addition to
the target because of the volume scaling effect. In stage 2 the max-
imum dose function on the PTV-LN was set as an objective and not
as a constraint, because it would contradict the other constraints
due to the overlap of different prescription targets. Additional tar-
get objectives for uniform dose and minimum or maximum dose
were set at the prescribed dose level to generate homogeneous tar-
get doses. All OARs were taken into account by an equivalent uni-
form dose objective (EUD):

EUD ¼
�
1
n
R
i
dA
i

�1
A

;

where di is the dose in voxel i and n is the total number of voxels in
an organ structure.

The Parameter A of the EUD describes the volume effect. If A = 1
the EUD is equal to the mean dose. In this study A = 2 was chosen
Table 2
List of constraints and objectives for the generation of the plan databases for both plan st

Objectives

Stage 1 plan
Rectum Max EUD 0 Gy (A = 2)
Bladder Max EUD 0 Gy (A = 2)
Bowel Max EUD 0 Gy (A = 2)
Femoral heads (2�) Max EUD 0 Gy (A = 2)
External Max Dose 20 Gy
External Fall-Off 20.9 Gy to 0 Gy in 1 cm
Prostate-PTV Uniform Dose 22 Gy
Prostate-PTV Min Dose 22 Gy

Stage 2 plan SIB
Rectum Max EUD 0 Gy (A = 2)
Bladder Max EUD 0 Gy (A = 2)
Bowel Max EUD 0 Gy (A = 2)
Femoral heads (2�) Max EUD 0 Gy (A = 2)
External Max Dose 45 Gy
External Fall-Off 50.4 Gy to 0 Gy in 1 cm
Prostate-PTV Uniform Dose 56 Gy
Prostate-PTV Min Dose 56 Gy
Pelvis-PTV Uniform Dose 50.4 Gy
Pelvis-PTV Max Dose 50.4 Gy
for the EUD minimization of all OARs to give higher weights to
higher doses, but not to neglect the low dose area. Similar MCO
function settings were applied in other treatment planning studies
[9,10,18,28].

Pareto-optimal plans were generated from the lists of objectives
and constraints. The default and recommended number of Pareto
plans in the TPS is 2n, whereas n is the number of objectives in
MCO. A larger number of plans might be a better representation
of the Pareto front, but also increases calculation time considerably
[32]. The number of Pareto plans created was set to 18 (2n) and 33
(3n) for stage 1 and stage 2 plans, respectively. The number 3n was
chosen for stage 2 because of the higher complexity of the treat-
ment. After the generation of the Pareto plan database, the planner
navigated through the solution space with the incorporated sliders
to select the best plan. Sufficient target coverage was inherently
given by the MCO constraints. A plan with optimal OAR sparing
was selected and rectum- and bladder-sparing were rated more
important than minimizing femoral heads dose. Conformity was
considered and special attention was given to the absence of hot
spots in the lower prescription PTV-LN by adjusting the
corresponding Max Dose slider.

Standard VMAT optimization

The standard inverse optimization algorithm implemented in
RayStation (sVMAT) was used as a benchmark with respect to plan
quality and planning time efficiency for VMAT–MCO. Details on the
algorithm have been described recently [33].

A template of physical optimization objectives (with defined
values and weights) for PTVs and OARs was generated, including
functions of type: maximum/minimum dose, maximum EUD and
Dose-Fall-Off. Segmentation settings used in sVMAT optimization
were identical to the ones in VMAT–MCO planning. A first opti-
mization run was started with 80 and 150 � 2 iterations for stage
1 and stage 2 plans, respectively, including segmentation and a
final dose calculation. These values were chosen as compromise
between calculation time and plan quality based on previous expe-
rience. Starting from this the constraints were manually tightened
and lowered in small steps to spare the OARs as much as possible
without compromising the coverage of the PTV. The dose distribu-
tion was also monitored with respect to conformity and hot spots
in the normal tissue. If necessary, the planning constraints for the
normal tissue were tightened. The manual tweaking was
ages in VMAT–MCO planning.

Constraints

Prostate-PTV Max Dose 22 Gy � 1.1
Prostate-PTV Min Dose 22 Gy � 0.95
Prostate-PTV Min DVH 22 Gy to 90%
External Max Dose 22 Gy � 1.1

Prostate-PTV Max Dose 56 Gy � 1.1
Prostate-PTV Min Dose 56 Gy � 0.95
Prostate-PTV Min DVH 56 Gy to 90%
Pelvis-PTV Min Dose 50.4 Gy � 0.95
Pelvis-PTV Min DVH 50.4 Gy to 90%
External Max Dose 56 Gy � 1.1
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terminated when the planner felt that no significant improvements
could be achieved by more time investment.

Tomotherapy optimization

The optimization employed in the TomoTherapy TPS (Tomo)
represents a second conventional inverse planning method with
a different radiation delivery technique. The optimization method
employed was beamlet-based. Minimum, maximum and dose-
volume constraints can be defined for PTVs and OARs.

Two templates of planning constraints were generated (one for
each plan stage) based on the list of soft dose-volume constraints
mentioned before. In the first step of the treatment plan optimiza-
tion beamlets were calculated. Then the main optimization step
was started with 100 iterations. After this first optimization, man-
ual tweaking of the constraints was performed with a similar
approach as described above for the sVMAT optimization. After
the optimization the MLC opening patterns were calculated in
the step ’full dose’. Finally the final dose distribution was deter-
mined by eliminating infeasible MLC movements.

Plan quality evaluation

All generated dose distributions were imported into the TPS
Monaco (Elekta AB, Stockholm, Sweden) for subsequent analysis.
The dosimetric quality of treatment plans was evaluated and com-
pared using DVH values of PTVs and OARs. In the single plan stages
the following values were used for OARs and PTVs: Dmax, D2%,
Dmean. Additionally for the PTVs D98% was used to assess dose cov-
erage. To determine Dmax, D2% and Dmean in the PTV-LN, the PTV-P
plus a 2 cm margin was subtracted to cut out the high dose SIB
region (PTV-LN-cut). The conformity (CI) and homogeneity indices
(HI) were calculated as follows:

CI ¼ V95%

VPTV
;

HI ¼ 1þ D2% � D98%

D50%
;

where V95% is the volume of the 95% isodose, VPTV is the target vol-
ume and D2%/D50%/D98% are the DVH parameters of the PTV, respec-
tively. For an ideally conformal and homogeneous dose distribution
CI and HI should be equal to 1. CI > 1 indicates unwanted irradiation
of healthy tissue with high doses and HI > 1 describes inhomoge-
neous dose distributions in the target. In the stage 2 plan CI and HI
were only calculated for the pelvic-PTV with HI determined for the
PTV-LN-cut. The absolute volumes of the 80% and 60% isodoses were
extracted for both plan stages and the plan sum,whereas in the stage
2 plan and the sum plan the prescribed dose in the PTV-LN (50.4 Gy)
was chosen as reference dose. In the plan sum the DVH values of the
clinical dose constraints for OARs in Table 1 were used for plan eval-
uation and the PTV-LN was analyzed in full without subtraction.

A two-tailed, paired t-test (a = 0.05) was conducted to asses sta-
tistical differences in dosimetric quantities between the methods.
Differences in dosimetric parameters in the sum plans between
VMAT–MCO, sVMAT and Tomo plans were calculated. The MCO
plans were chosen as reference and the differences in plan param-
eters were determined as follows:

DVx ½%� ¼ Vx ½%� � VMCO ½%�;

DVx ½%� ¼ Vx ½ccm� � VMCO ½ccm�
VMCO ½ccm� � 100;

DDx ½%� ¼ Dx ½Gy� � DMCO ½Gy�
DMCO ½Gy� � 100;
DCIx ½%� ¼ CIx � CIMCO

CIMCO
� 100;

where x stands for sVMAT or Tomo. For relative volumes the abso-
lute difference was determined and vice versa.

Planning time and workload

The time effort needed to create the treatment plans was
recorded. This included analysis of the computational calculation
time needed to optimize and calculate the dose distribution, as
well as the hands-on time of the planner. Additional interactions
needed by the planner to achieve an acceptable result were noted
as well. Planning steps that required tweaking, re-optimization and
re-evaluation were fully counted as hands-on time even if they
comprised several minutes of computing time. VMAT–MCO and
sVMAT plans were calculated on the same workstation. The time
to prepare the patient CT-data and set up the planning problem
in the TPS was not considered in this study.

Results

Figure 1 illustrates representative dose distributions of the two
individual plan stages in two different patients for VMAT–MCO,
sVMAT and Tomo. In both TPS treatment plans with sufficient tar-
get coverage could be generated for all PTVs. The maximum dose in
the PTV-P never exceeded 110% of the prescribed dose. In the stage
2 plan with SIB, hotspots exceeding 110% were observed in the
PTV-LN-cut with maximum doses of 56.8 Gy/113% in three MCO
plans. Fig. 2 shows the mean DVHs of the single stage plans and
the sum plan averaged over all 10 patients.

Clinical dose constraints

The clinical dose constraints for the plan sum of the stage 1 and
stage 2 plans are shown in Table 1 and were fulfilled with VMAT–
MCO and sVMAT in all ten patients. In the Tomo plans the low dose
constraints V30Gy and V50Gy for bladder were violated by 3% in one
patient. This patient had a rather small bladder volume of approx.
100 ml during the CT scan, which is an unfavorable condition for
bladder sparing. The Dmax constraint for bowel was not met in
two patients (excess doses: 0.9 and 5.2 Gy) in the Tomo plans.

Dosimetric analysis

Statistical significant differences of dosimetric parameters were
observed in the single plan stages; results of the respective t-test
are summarized in Table 3. In Fig. 2(a) the mean DVHs of the stage
1 plan are depicted. VMAT–MCO and sVMAT plans were very sim-
ilar for the localized prostate treatment; see DVHs in Fig. 2 that
nearly overlap for most structures, except for the femoral heads.
A small improvement in the high dose area of the rectum could
be detected in sVMAT over VMAT–MCO. Compared to the two
VMAT methods, Tomo showed overall higher bladder dose and
the largest low dose volume.

In the stage 2 plan, both sVMAT and Tomo showed reduced
overall dose to the rectum compared to VMAT–MCO, as can be
seen from the DVHs in Fig. 2(b). Overall the bladder dose was sim-
ilar for all methods, but small improvements in the high dose
region could be achieved by sVMAT and Tomo. Bowel sparing
was best with sVMAT. The CI was closer to 1 in sVMAT, but the
low dose volume of 60% of the prescription was considerably lar-
ger, see DVH of the unspecified tissue. As expected Tomo delivered
a highly homogeneous dose to the PTV-LN, whereas the sVMAT
dose was the most inhomogeneous, but exhibited no hot spots
>110%.



Figure 1. Exemplary dose distributions of a stage 1 plan (upper images) and a stage 2 plan (lower images). Left: VMAT–MCO, Middle: standard VMAT, Right: Tomotherapy.

Figure 2. Mean DVHs of the of (a) stage 1 plan, (b) stage 2 plan and (c) the sum plan averaged over all 10 patients as generated by VMAT–MCO, standard VMAT and Tomo. The
crosses represent the clinical OAR constraints of respectively colored organs. (d) Exemplary dose distribution of the total dose of a sum plan in coronal view. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

M. Buschmann et al. / Physica Medica 32 (2016) 465–473 469



Table 3
Statistically significant dosimetric differences in the single sVMAT and Tomo plans compared to VMAT–MCO.

Stage 1 Stage 2

sVMAT Tomo sVMAT Tomo

Improvement to
VMAT–MCO

PVT-P: Dmax (�1%)
Rectum: Dmax (�2%), D2 (�1%)

Femur: Dmax (�16%) Rectum: D2 (�1%), Dmean (�7%)
Bladder: Dmax (�1%), D2 (�1%)
Bowel: Dmax (�2%), D2 (�2%),
Dmean (�17%)
CI (�4%)

PTV-LN: Dmax (-2%), D2 (�1%), Dmean (�1%)
Rectum: Dmean (�6%)
Bladder: D2 (�1%)
HI (�1%)

Degradation to
VMAT–MCO

– Bladder: Dmean (+42%)
CI (+7%)
V80% (+11%), V60% (+13%)

HI (+1%)
V60% (+7%)

Femur: D2 (+25%), Dmean (+39%)
Bowel: Dmean (+5%)

Figure 3. Boxplots of differences of dosimetric parameters in the sum plan of sVMAT (red) and Tomotherapy (blue) compared to VMAT–MCO. A triangle indicates that a
significant difference to VMAT–MCO was detected in the t-test. A blue circle specifies a plan that failed the clinical OAR constraint. The dashed line at ±2% indicates an
estimate of physics-related uncertainties. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Average time needed for the separate steps in the treatment planning procedure. An � indicates that this step was not part of the workflow. The number of VMAT–MCO plans for
which re-optimizations were necessary is noted in brackets.

Method Plan selectiona

Stage 1
Plan selectiona

Stage 2
Tweaking/reoptimizinga

Stage 1
Tweaking/reoptimizinga

Stage 2
Total computing timeb

Stage 1
Total computing timeb

Stage 2

MCO <2 min <2 min <2 min (1/10) 9 min (7/10) 8 min 1 h 19 min
sVMAT � � 10 min 38 min 3 min 28 min
Tomo � � 5–10 min 10–15 min 16 min 1 h 15 min

a Hands-on time.
b Values depending on hardware.
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In the sum plans, the two VMAT methods showed improved
high dose bladder-sparing compared to Tomo. On the other hand
sVMAT and Tomo had better rectum sparing than VMAT–MCO over
a broad dose range, which was partly significant. In the sum plan
the same trends for bowel sparing and low dose conformity as in
the pelvic stage 2 plan were observed. Fig. 3 shows boxplots of rel-
ative differences in dosimetric parameters in the plan sum
between the three optimization methods.

Time efficiency and workload

Table 4 presents the measured workload for all planning tech-
niques, including the total hands-on time and the total computing
time; although the last parameter is influenced by different
hardware.
In VMAT–MCO, the planner selected the best-suited Pareto-
optimal treatment plan by navigating through the plan database
before starting the optimization for the segmented plan. This step
of plan selection took on average less than 2 min for both stages.
The segmentation run was started with a predefined number of
iterations that normally suffice to re-create the fluence-based Par-
eto plan (80 and 200 � 2 for stage 1 and 2, respectively). The plan
selection step was the only planner interaction necessary in nine of
ten VMAT–MCO stage 1 plans. For one plan an additional interven-
tion for adjustment was needed because the first result did not
meet the planning requirements.

In the planning of stage 2, three of ten plans where considered
acceptable after the segmentation optimization. For the remaining
seven patients further interventions were necessary, which were
fully counted as hands-on workload. The final plans were deviating
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from the Pareto plan in an aspect that violated the planning con-
straints and therefore additional short segmentation re-
optimizations were run to minimize DVH deviations. For two of
the seven stage 2 plans it was still not possible to get an acceptable
result after segmentation of the VMAT–MCO plans, due to persist-
ing hot spots of more than 110% in the OARs and the PTV-LN. For
these two cases, the plans were improved by transferring them
to the standard VMAT optimization module and including standard
dose volume functions (Dmax on the bowel or the PTV-LN) with
weights in addition to the DVH-mimicking algorithm. This led to
a significant improvement with respect to the planning goals. For
the seven edited stage 2 plans the average additional hands-on
time was 9 min.

In the conventional optimization process for sVMAT and Tomo
the planning constraints were tightened after the first main opti-
mization step and the plans were re-optimized. This step was per-
formed repeatedly. This process took 5–10 and 10–15 min for
Tomo and on average 10 and 38 min for sVMAT for stage 1 and
stage 2, respectively, and was thus counted as hands-on time.
Discussion

This study investigated advancements of optimization in the
setting of prostate treatment planning with complex target volume
shapes. It was shown that all three optimization methods were
capable of creating high-quality dose distributions for treatment
of prostate cancer patients with pelvic lymph nodes irradiation
incorporating a SIB. Planning workload could be reduced consider-
ably with the MCO algorithm. The treatment planning protocol
composed of the two separate plan stages introduced the addi-
tional challenge that the individual stages were not optimized
directly to meet the clinical dose constraints. Some TPS provide
the opportunity to optimize a dose distribution on a prior dose,
but this was not used in the current study since we wanted to focus
on the individual optimization of the two plan stages.

For the dosimetric comparison between different techniques
uncertainties might already be present from physical inaccuracies
and the loosely defined planning guidelines. The use of different
dose engines and treatment machine characteristics can lead to
differences in the order of at least 2%. Furthermore, the different
planning systems have their intrinsic ways of optimizing the prob-
lem and also the way the cost functions are determined/imple-
mented will lead to differences in dose distributions. It has to be
mentioned that some of the dosimetric differences found between
the VMAT and the Tomo plans might be caused by the fact that
they were created by different planners from different institutions.
Although both planners worked with the same given soft con-
straints, they may still have focused on different OARs when they
tried to improve the plans beyond the given constraints (e.g.
femoral heads versus bladder, as suggested in Fig. 1).

Three Tomotherapy summed plans did not meet all clinical dose
constraints by violating the Dmax constraint for bowel twice in a
patient and two low dose bladder constraints slightly in another
patient. The main reason is related to the characteristics of the
helical treatment technique with a fixed jaw opening, where the
gradient in cranio-caudal direction is usually less steep with
Tomotherapy than with VMAT [34]. This effect can be probably
be reduced with the TomoEDGE dynamic jaw technology [34],
which was not available for this study. Since the bowel and the
bladder are located close to the cranial end of the boost volume,
the shallower dose gradient in cranio-caudal direction resulted in
a higher dose in these OARs. On the other hand the achievable gra-
dient depends on the jaw opening (field width). In this study, all
plans were calculated with a field width of 2.5 cm. If the clinical
goals are not reached (very seldom), a new plan optimization using
a smaller field width (1 cm) could be realized, with the drawback
of a considerably longer treatment time. Additionally, the patient
with the violated bladder constraint had a very small bladder,
which made sparing of the bladder more difficult.

In the direct comparison of the two VMAT optimization meth-
ods in the same TPS, a substantial workload reduction was
obtained with MCO. For the localized prostate treatment of stage
1 the plan selection was the only interaction for MCO in almost
all cases, whereas the sVMAT optimization required around
10 min of hands-on tweaking. Although a slight dose reduction in
the rectum was observed in sVMAT, the difference was negligible
and plan quality is considered to be equal. In the more complex
stage 2 with lymph node irradiation, re-optimizing or changing
settings was necessary in more cases, which added hands-on time
in MCO planning. Furthermore stage 2 plan quality of VMAT–MCO
and sVMAT was not identical. sVMAT plans exhibited better OAR
sparing, especially for bowel and rectum (this difference also trans-
ferred directly to the sum plan). This was achieved mainly by a
more inhomogeneous target dose and decreased low dose confor-
mity. The main advantage of sVMAT was the possibility to generate
several different cost functions per structure, tweak them individ-
ually and see their effect directly in a segmented plan. In general it
is possible to define many more MCO cost functions than used in
this study, but this will increase the computational effort consider-
ably andmake the intuitive Pareto plan navigation increasingly dif-
ficult since the cross-dependencies of all objectives are harder to
trace and control.

The MCO algorithm has the disadvantage that the Pareto-
optimal plans tend to degrade during segmentation [35]. The
extent of this effect varies and is not always predictable, especially
near the extremes of the solution space. A planner experienced in
this optimization method may be able to foresee this and avoid
infeasible plan solutions. The deliverable plan is generated through
approximation of the fluence-based dose distribution (DVH) by
direct machine parameter optimization. The error in DVH curves
of selected structures between the pre-optimized and final doses
is minimized by using a quadratic error penalty function. By min-
imizing the DVH error only, the spatial information of the pre-
optimized dose distribution is lost and for large structures the vol-
ume scaling effect may be problematic to avoid unwanted small
hot spots. This was for example the case in this study for the
PTV-LN with lower prescription dose (see Fig. 4). In this example
the DVH for the PTV-LN may be identical prior and after segmen-
tation, but the information of the hot spot location was lost and
it may have been compensated by a cooler dose somewhere close
to the SIB volume. Improvements might be made by the employ-
ment of artificial help structures in the segmentation step. By using
target structures with no overlap the hotspots might be avoided in
the final plans, this should be considered in future studies. The
MCO planning workflow with the interactive sliders may give the
planner the impression that one has more control over the treat-
ment plan than there actually is, because some solutions may be
impossible to achieve after segmentation. After creating a VMAT
plan with MCO, the TPS also provides the option to further work
on the plan by including standard physical and biological dose con-
straints and continue the planning problem as a standard VMAT
optimization. An optimal time-efficient planning workflow for
complex planning cases might start the planning as a MCO plan
to quickly reach the Pareto front and then fine-tune the segmented
plan with additional cost functions to achieve the best possible
OAR sparing and compensate discrepancies between the fluence-
based and the segmented dose distribution.

The optimization method employed in Tomotherapy planning
was beamlet based, whereas the system provider already released
a new non voxel based broad beam (NVBB) optimization algorithm,
that is based on GPU implementation [36,37]. Employment of the



Figure 4. Example of a fluence-based dose distribution (left image) that was not fully achievable after segmentation and final dose calculation (right image) with VMAT–MCO
for the stage 2 plan. An unwanted hot spot (>110%) appeared in the PTV-LN after segmentation and did not vanish even after re-optimization.
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NVBB framework should have led to even better plan quality with
reduced planning time [37].

The generation of high-quality treatment plans with minimal
hands-on time enables the introduction of adaptive treatments
for prostate cancer. For institutes that want to implement time-
efficient treatment plan optimization for adaptive purposes in
the future it is important to consider to what extent the planning
process can be automated and which manual steps should be elim-
inated or minimized. In this respect it is essential that the dose dis-
tributions are validated and benchmarked against the demands of
the medical staff on all dosimetric aspects.
Conclusion

Planning of these complex target geometries with more than
one dose prescription is challenging not only for the human plan-
ner, but also for advanced optimization algorithms. Employment of
MCO reduced the hands-on planning time considerably for whole-
pelvic and local prostate VMAT treatment planning. For the local-
ized prostate irradiation the treatment plan quality of MCO-
generated and manually-optimized plans was equal. In the whole
pelvic treatment with two dose levels manual VMAT optimization
resulted in slightly better OAR sparing than MCO. The treatment of
prostate cancer is likely to benefit from improved time-efficient
optimization methods as they enable to implement adaptive treat-
ment strategies.
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