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Aim: An empirical scheme called “anatomy-guided segment counting (AGSC)” is proposed for

automatic selection of maximum number of segments (NOS) for direct machine parameter

optimization (DMPO).

Background: Direct machine parameter optimization (DMPO) requires the user to define the

maximum number of segments (NOS) in order to proceed with an optimization process. Till

date there is no established approach to arrive at an optimal and case-specific maximum

NOS  in DMPO, and this step is largely left to the planner’s experience.

Materials and methods: The AGSC scheme basically uses the Beam’s-eye views (BEVs) and

other planning parameters to decide on appropriate number of segments for the beam. The

proposed algorithm was tested in eight H&N cases. We  used Auto Plan feature available in

Pinnacle3 (version 9.10.0) for driving the DMPO optimization.

Results: There is about 13% reduction in the composite objective value in AGSC plans as com-

pared to the plans employing 6 NOS per beam and 10% increase in the composite objective

value in AGSC plans as compared to the plans employing 8 NOS per beam. On the delivery

efficiency front, there is about 10% increase in NOS in AGSC plans as compared to the plans

employing 6 NOS per beam specification. Similarly, there is about 19% reduction in NOS in
AGSC plans as compared to the plans employing 8 NOS per beam specification.

Conclusion: The study demonstrates that the AGSC method allows specifying appropriate

number of segments into the DMPO module accounting for the complexity of a given case.
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Fig. 1 – An illustration of different arrangement classes
based on the segmented anatomic projections (SAPs) of the
PTV and OAR and their overlaps in the Beam’s-eye-view
(BEV). (a) The arrangement of SAP 1 of PTV and SAP 3 of an
OAR, which comprise a single overlapping region 2 (first
arrangement class). (b) A further arrangement of SAP 1 of
PTV and of SAP 2 of two OARs (second arrangement class).

Table 1 – A look-up table for the number of Boolean
combinations (number of segments) for possible
PTV-OAR overlaps based on arrangement class.

Number of
OAR
overlaps

Maximum NOS per beam

First
arrange-

ment
class

Second
arrange-

ment class
(before
Boolean

reduction)

Second
arrange-

ment class
(after

Boolean
reduction)

0 1 Nil Nil
1 3 Nil Nil
572  reports of practical oncology an

1.  Background

In inverse planning for IMRT,  conversion of the fluence profiles
into deliverable segments is an important step. The conversion
is performed by a variety of algorithms, out of which aperture
based optimization methods1–3 have become important and
wide spread in clinical use. The advantage of aperture-based
method is that the delivery constraints are directly incorpo-
rated in the inverse problem, which leads to the production
of good quality plans with good deliverability. Direct machine
parameter optimization (DMPO) is a commercial implemen-
tation of aperture-based optimization available in Pinnacle3
treatment planning system (TPS). With DMPO, MLC settings
are produced directly within the optimization process. There-
fore, there is no need for conversion, filtering or other kinds
of post-processing, and there is no plan quality degradation.4

A detailed description of the DMPO algorithm has been dis-
cussed elsewhere.4,5 In general, DMPO results in considerably
lesser number of segments and MUs  as compared to the con-
ventional two-step IMRT  process, without any compromise in
the plan quality.6–8

DMPO requires the user to define the maximum number
of segments (NOS) in order to proceed with the optimization
process. If the maximum NOS defined by the user is too small,
it can affect the plan optimality8,9; conversely, if the maxi-
mum NOS is too large, it can directly impact the treatment
efficiency. Many  investigators have studied the impact of max-
imum NOS specification in DMPO plans and provided some
recommendations.8–13 But till date, there is no established
approach to arrive at an optimal and case-specific maximum
NOS in DMPO, and this step is largely left to the planner’s
experience. Also in many  instances, a suitable maximum NOS
is found by a trial-and-error method, which is time consum-
ing. Since DMPO optimizer invariably returns a plan with NOS
close to the maximum number specified, specifying a number
close to the optimal value is important in obtaining a good
plan.

2.  Aim

In this work, a novel and empirical scheme for automatic
and case-specific selection of maximum NOS in DMPO-based
IMRT  is proposed. The scheme basically uses the segmented
anatomic projections (SAPs) of the Planning Target Volume
(PTV) and organs-at-risk (OARs) in the Beam’s-eye-view (BEV)
to determine the maximum NOS for each beam. Hence, the
scheme can be regarded as “anatomy-guided segment count-
ing (AGSC)” algorithm, the patent application of which can be
found here.14

3.  Materials  and  methods

3.1.  Brief  description  of  the  algorithm
1. First, the AGSC algorithm takes as input the SAPs in the
BEV to determine the areas of organs-at-risk (OAR) overlap
with the composite target volume (i.e. the geometric sum
of all PTVs).
2 Nil 6 3–6
3 Nil 9 6–8
4 Nil 12 8–11

2. Then, the number of regions overlapping with the com-
posite target is counted and a combinatorial combination
of these regions is derived from a set of Boolean combi-
nations applicable to the segmented structures (Fig. 1 and
Table 1).

3. The combination of sub-regions computed above along
with other processes, such as segment pruning using min-
imum segment size (MSS) and Boolean reduction (BR) are
used to arrive at the maximum NOS per beam.

4. The maximum NOS per beam obtained above is summed
over all beams and the resulting total maximum NOS (per
plan) is fed into the DMPO algorithm as a delivery con-
straint.

5. The DMPO algorithm uses AGSC-predicted maximum NOS
and produces the optimal fluence along with deliverable
segments.

3.2.  Detailed  description
3.2.1.  Boolean  combinations
The number of segments determination in the AGSC method is
adapted to determine a number of regions of overlap between

dx.doi.org/10.1016/j.rpor.2016.09.004
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he SAP of the composite target volume (hereafter referred to
s PTV) and the SAP of one or more  OARs in a given BEV. First,
he AGSC algorithm takes as input the anatomical projections
n the respective BEV image,  in order to determine the areas
f overlap. The number of regions overlapping with the PTV

s counted and a combinatorial combination of these regions
s computed. This can be computed from possible Boolean
ombinations applicable to a set of structures.

.2.2.  Arrangement  class
he algorithm is further adapted to classify the arrangement
f the SAPs of the PTV and of the OAR into a predefined
rrangement class to determine the maximum NOS per beam,
herein the arrangement is classified depending on the
umber of overlaps of the PTV and OAR. Fig. 1a shows an
rrangement of SAP 1 of PTV and SAP 3 of an OAR, which
omprise a single overlapping region 2. Such an arrange-
ent of the SAPs having a single overlapping region can be

ssigned to a first arrangement class. Fig. 1b shows a further
rrangement of SAP 1 of PTV and of SAPs 2 of two OARs. This
rrangement comprises two overlapping regions 3. Such an
rrangement having more  than one overlapping region can
e assigned to a second arrangement class. For each arrange-
ent of the SAPs of the PTV and OAR a combinatorial term can

e determined, which describes the different overlapping and
on-overlapping regions of the SAP of the PTV. For instance, for

he arrangement shown in Fig. 1a, the following combinatorial
erm can be defined:

1. T,

2. T ∩ O1,

3. T − {T ∩ O1}
herein T indicates the SAP 1 of the PTV and O1 indicates the
AP 3 of the OAR shown in Fig. 1a. The combinatorial term for
he arrangement shown in Fig. 1b can be defined by:

1. T,

2. T ∩ O1,

3. T − {T ∩ O1},
4. T ∩ O2,

5. T − {T ∩ O2},
6. T − {T ∩ O1} − {T ∩ O2}

herein the SAPs 2 of the OARs are represented by O1 and O2,
espectively.

.2.3.  Minimum  segment  size  (MSS)
SS  is an input to AGSC algorithm for determining maxi-
um NOS. If the size of an overlapping region (e.g. {T ∩ O2})

r a combinatorial term (e.g. T − {T ∩ O1} − {T ∩ O2}) is smaller
han a predefined MSS  value, the term is preferentially not
ounted, when determining the maximum NOS per beam. In
GSC approach, the MSS  is generally set to be greater than

 cm2 to avoid dosimetric errors during treatment delivery.

.2.4.  Boolean  reduction  (BR)
s the number of OAR overlaps increases, the combinatorial
erms involving overlapping segments are reduced. This pro-
ess can be termed as “Boolean reduction (BR)”. This final step
s done to exclude redundant and overlapping segments from
egment counting process. Consider for instance a three OAR
therapy 2 1 ( 2 0 1 6 ) 571–578 573

overlap situation. The usual terms in such situations would be
given by:

1. T,

2. T ∩ O1,

3. T − {T ∩ O1},
4. T ∩ O2,

5. T − {T ∩ O2},
6. T − {T ∩ O1} − {T ∩ O2}
7. T ∩ O3,

8. T − {T ∩ O3},
9. T − {T ∩ O1} − {T ∩ O2} − {T ∩ O3},

It is evident that the later terms 6, 8 and 9 introduce many
overlapping segments and, hence, they are eliminated during
the counting process. The removal of overlapping segments
will be based on the composite size of all PTVs and the level
of their overlap with OAR. Essentially, for lesser PTV-OAR
overlaps and smaller PTVs, the number of segments getting
excluded from counting through the BR process will be rela-
tively larger; likewise, for higher PTV-OAR overlaps and bigger
PTVs, the number of segments getting excluded from counting
will be relatively smaller. To compute the number of segments
getting excluded per BEV for a given case, we use Eq. (1) shown
below:

NOSexcluded(�) = NOS
Ref

excluded
(�) ∗

[
VPTV

V
Ref
PTV

]−1

∗
[

OPTV−OAR

O
Ref
PTV−OAR

]−1

(1)

where NOSexcluded(�) is the number of segments excluded in a
given BEV; � characterizes the BEV in terms of a given com-
bination of gantry, couch and collimator angles; VPTV is the
composite PTV volume in a given case; NOS

Ref

excluded
(�) is the

number of segments excluded in a given BEV for a refer-
ence case; V

Ref
PTV is the composite PTV volume in the reference

case; OPTV−OAR is the percentage of OAR overlap with the PTV
(considering all OAR overlaps with PTV in BEV) in � in a given
case; O

Ref
PTV−OAR is the percentage of OAR overlap with the PTV

in � in the reference case. In Table 1 we have attempted to
model the segment reduction due to the BR process.

The maximum NOS obtained for each beam by applying
the above processes (Sections 3.2.1–3.2.4) will be summed up
and fed into the DMPO module, which will determine the final
deliverable segments and thus the treatment plan accordingly.
The whole process is modeled in Fig. 2.

4.  Results

The proposed algorithm was tested in eight H&N cases. Our
primary intention is to verify if the maximum NOS predicted
using the AGSC method is appropriate in terms of plan quality
and delivery efficiency. We  first studied the impact of different
maximum NOS settings on the plan quality ranging from 10
to 100. Independently, we employed the maximum NOS  pre-
dicted by the AGSC method for the same cases and compared
the results.
For all plans, an equispaced beam configuration was cre-
ated with seven beams (H&N cases 1–5) and nine beams
(H&N cases 6–10). Auto Plan feature15 available in Pinnacle
(Version 9.10.0) was used to drive the optimization process

dx.doi.org/10.1016/j.rpor.2016.09.004
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Fig. 2 – The flow chart of anatomy-guided segment counting (AGSC) algorithm.

Table 2 – Dose-volume objectives specified for all Head
and Neck cases used in the study. Total number of
fractions was 35 in all the cases.

Organ Objective type Dose
(cGy)

Volume
(%)

PTV 7000 Target Dose 7000 95
PTV 6300 Target Dose 6300 95
PTV 5600 Target Dose 5600 95
Spinal cord Max Dose 4500 0
Brain stem Max Dose 5400 0
Larynx Mean Dose 5000 NA
Parotids Mean Dose 2600 NA
Lips Mean Dose 3500 NA
Oral cavity Mean Dose 3800 NA

beams respectively. Fig. 6 shows the DVH comparison between
Esophagus Max DVH 3500 50
Mandible Max Dose 7000 0
Submandibular Mean Dose 4000 NA

automatically. For all plans, 4 MU  and 6 cm2 were set as the
minimum MU  and minimum segment size (MSS) constraints,
respectively. The MSS  of 6 cm2 is input into both the AGSC
method as well DMPO optimization. The composite target vol-
ume  (the geometric sum of all PTVs) in the plan is considered
for segment counting. Also the critical OARs – the spinal cord,
brainstem, parotids (right and left) – only were considered for
the segment counting process. Table 2 gives D-V objectives
specified for all H&N cases used in the study. The plans cre-
ated were used only for a simulation purpose and not delivered
to any patients. The planning simulations were done using

Varian Tx HDMLC machine.

Fig. 3 shows the graphical plot of how the composite objec-
tive value changes with respect to different maximum NOS
settings ranging from 10 to 100 for the eight H&N plans (H&N
cases 1–8 represented by Fig. 3a–h, respectively).

The maximum NOS obtained from the AGSC method is
also mapped on the same figure for all cases. In order to
make composite objective value computation more  clinically
oriented, we only included the target volume and critical
organ’s objective values and excluded non-anatomical regions
of interest (ROIs) created by Auto Plan module from objec-
tive value computation. Fig. 4 shows the DVH comparison at
different NOS per beam specifications including AGSC-based
specification for a sample case (H&N 1) involving seven beams.
Table 3 shows the comparison of the final number of segments
obtained in different maximum NOS per beam specifications
including AGSC-based specification. Table 4 shows the com-
parison of composite objective value and total MUs  obtained
in different maximum NOS per beam specifications includ-
ing AGSC-based specification. Table 5 shows how the input
of different Minimum Segment Size (MSS) values into the
AGSC module impacts the plan quality and the maximum NOS
resulting from the AGSC algorithm.

As a part of the experiment, we asked an experienced clini-
cal user to choose an appropriate maximum NOS per beam for
the same H&N cases without disclosing the results from the
AGSC method. The clinical user’s decision was to use 8 NOS
per beam for all H&N cases. Fig. 5 shows the DVH comparison
between user-selected 8 NOS per beam plan and AGSC plan for
sample H&N cases (H&N case 1 and 4) involving seven and nine
user-selected 8 NOS per beam plan and AGSC plan for sample
H&N cases (H&N case 2 and 5) involving seven and nine beams,
respectively.

dx.doi.org/10.1016/j.rpor.2016.09.004
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Fig. 3 – Graphical plot of how the composite objective value changes with respect to different maximum NOS  setting
ranging from 10 to 100 for the ten H&N plans (H&N cases 1–8 represented by (a)–(h), respectively). Here green, red and blue
circles denote the composite objective values corresponding to the plans employing 6 NOS per beam, 8 NOS per beam and
A

d
a
i
i
a

F
(

GSC-predicted NOS per beam, respectively.

It is evident from Fig. 3 that the plan quality starts
iminishing when the specified maximum NOS per beam
pproximately reaches a lower bound of 6. Also the plan qual-

ty is saturated (i.e. no further improvement in plan quality
s produced) when the specified maximum NOS per beam
pproximately reaches an upper bound of 8. Green, red and

ig. 4 – DVH comparison at different NOS per beam specification
H&N 1) involving seven beams.
blue circles in Fig. 3 denote the composite objective values
corresponding to the plans employing 6 NOS per beam, 8 NOS
per beam and AGSC-predicted NOS per beam, respectively. It

is evident from Fig. 3 that the maximum NOS per beam pre-
dicted by AGSC method arrives in between 6 and 8 for all eight
H&N cases.

s including AGSC-based specification for a sample case

dx.doi.org/10.1016/j.rpor.2016.09.004
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Table 3 – Comparison of the number of segments specified and obtained in (a) 6 NOS per beam specification, (b) 8 NOS
per beam specification, and (c) AGSC-based specification. The numbers in square brackets are the number of segments
removed from the Boolean reduction process.

Study case Total number of
beams

Maximum NOS
specified (obtained) –

6 NOS

Maximum NOS
specified (obtained) –

8 NOS

Maximum NOS
specified (obtained)

AGSC method

H&N 1 7  42 (42) 56  (56) 50  (48)[6]
H&N 2 7  42 (38) 56 (56) 44 (40)[12]
H&N 3 7 42 (41) 56 (55) 45 (45)[7]
H&N 4 7 42 (40) 56 (56) 46 (46)[6]
H&N 5 9 54 (54) 72 (71) 56 (56)[9]
H&N 6 9 54 (54) 72 (72) 62 (62)[6]
H&N 7 9 54 (53) 72 (71) 58 (55)[7]
H&N 8 9 54 (53) 72 (70) 62 (60)[3]

Table 4 – Comparison of final objective function and total MU  obtained in (a) 6 NOS per beam specification, (b) 8 NOS per
beam specification, and (c) AGSC-based specification.

Study case Final composite objective value Total MU

6 NOS 8 NOS AGSC-method 6 NOS 8 NOS AGSC-method

H&N 1 0.7311 0.5947 0.6729 601 705 619
H&N 2 0.4293 0.3195 0.3828 654 728 667
H&N 3 0.8164 0.6106 0.6573 554 616 578
H&N 4 0.1945 0.1751 0.1724 559 597 571
H&N 5 0.3779 0.3012 0.3451 620 798 665
H&N 6 0.2964 0.2147 0.2413 750 859 780
H&N 7 0.2215 0.2101 0.1985 640 806 673
H&N 8 0.1501 0.1285 0.1362 613 715 664

Fig. 5 – DVH comparison of user-selected 8 NOS per beam plan and AGSC plan for sample H&N cases (H&N case 1 and 4)
involving seven and nine beams, respectively.

Fig. 6 – DVH comparison of user-selected 8 NOS per beam plan and AGSC plan for sample H&N cases (H&N case 2 and 5)
involving seven and nine beams, respectively.

dx.doi.org/10.1016/j.rpor.2016.09.004
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Table 5 – The change in maximum NOS and composite
objective value when different minimum segment size
(MSS) value is input into the AGSC algorithm for H&N 1
involving seven beams.

MSS  (cm2) Maximum
NOS

obtained
from AGSC

method and
specified

into DMPO

NOS
obtained
after final

DMPO opti-
mization

Composite
objective

value

2 52 52 0.6318
4 50 50 0.6375
6 50 48 0.6729
8 46 45 0.6778
12 39 38 0.6883
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16 37 36 0.6951
20 34 34 0.7404

On the plan quality front, there is about 13% reduction in
he composite objective value (on the average) in AGSC plans
s compared to the plans employing 6 NOS per beam and 10%
ncrease in the composite objective value (on the average) in
GSC plans as compared to the plans employing 8 NOS per
eam. Moreover, Fig. 4 (DVH comparison) indicates that the
lan quality diminishes below a maximum NOS per beam set-
ing of 6. Especially the spinal cord dose keeps increasing as
he maximum NOS per beam is reduced (Spinal cord Max dose
t: 8 NOS per beam = 46 Gy; AGSC-based NOS per beam = 46 Gy;

 NOS per beam = 48 Gy; 5 NOS per beam = 50 Gy). On the deliv-
ry efficiency front, there is about 10% increase in NOS and 5%
ncrease in total MU  (on the average) in AGSC plans as com-
ared to the plans employing 6 NOS per beam specification.
imilarly, there is about 19% reduction in NOS and 10% reduc-
ion in total MU  (on the average) for AGSC plans as compared
o the plans employing 8 NOS per beam specification.

Figs. 5 and 6 are indicative of equivalent plan quality of
lans employing user-selected maximum NOS per beam and
GSC-based NOS per beam. These results indicate that AGSC
pproach could strike a good balance between plan quality (i.e.
ower composite value) and delivery efficiency (i.e. reasonably
ower number of segments) accounting for the complexity of

 given case.
There are studies that have shown that generating seg-

ents based on the anatomy coupled with a segment weight
ptimization can produce IMRT  equivalent treatment plans
ith improved delivery efficiency.16–18 These approaches are

ollectively regarded as “Anatomy-based Inverse Planning
ABIP)”. In fact, the direct aperture optimization techniques
n the current form of are some kind of variants of the ABIP
echnique. Our present work shows that the incorporation of
natomic and geometric elements into DMPO optimization is
till useful for creating better and efficient treatment plans.

The proposed method accounts for various case-specific
arameters such as PTV-OAR geometry, PTV size (by means of
R process), number of beams, beam angles and user-defined
SS  value. Hence, one can expect a clinically relevant solu-

ion from the AGSC approach. Initially, we considered the

umber of PTVs for the counting process for simultaneously

ntegrated boost (SIB) cases and we  found that it generally
roduced more  than sufficient NOS. So we  recommend not
therapy 2 1 ( 2 0 1 6 ) 571–578 577

to explicitly consider the number of PTVs intersecting a given
BEV for the counting process, rather just consider the com-
posite PTV. However, the proposed method allows including
the number of PTVs for the counting process by considering
them as regions of interest in the similar manner to how we
consider the OARs.

Auto Plan has been used just as a substitute to an expert
planner in this study. In the absence of Auto Plan feature, a
planner has to manually tweak the objective function param-
eters before starting the optimization in order to meet the
clinical objectives when the maximum NOS is increased or
decreased. It is to be noted that the method relies on the user-
defined number of beams and beam angles.

It is to be noted that the proposed AGSC method relies on
the user-defined number of beams for determining the num-
ber of segments. When using the AGSC method in DMPO,
an incorrect selection of beam number can result in incor-
rect specification of maximum number of segments. Recently,
we proposed a method to optimize the number of beams in
DMPO-based IMRT.19 By integrating the AGSC method with
such beam number determination methods, it is possible to
maximize the potential of the proposed method for determin-
ing optimal number of segments.

5.  Conclusion

In this paper, we  introduced an empirical method for auto-
matic and case-specific selection of maximum NOS for
DMPO-based IMRT. Our attempt was to integrate the basic ele-
ments of Anatomy-based IMRT into the DMPO process. Our
investigation shows that the AGSC method allows specifying
suitable number of segments into the DMPO module. Though
we used H&N anatomy to demonstrate the algorithm in this
study, in theory, the algorithm will also be applicable to other
anatomies such as the pelvis and thorax.
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